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Abstract:

This study aims to investigate the morphological properties, linear and
nonlinear optical properties of metallic nanoparticles and one of the metal oxides to
be used as an optical limiter in addition to making mixtures of these materials to
enhance optical limiting properties. The materials that were used in this study are
(spherical silver nanoparticles (Ag NPs), silver nanowires (Ag NWs), spherical gold
nanoparticles (Au NPs), spherical copper nanoparticles (Cu NPs), copper nanowires
(Cu NWs), and iron oxide Nano fragments (Fe,O; Nano fragments).

The morphological properties were studied for determining the shape and size
of the particles under study for all prepared samples and prepared mixtures by
analyzing the images obtained from (SEM). The results of (Ag NPs) were that they
are spherical in shape with a predominant size of (70) nm. (Ag NWs) are of three
diameters (50, 100, 200) nm and one length, all of which ranges from (5-50) microns.
The results of (Au NPs) were that they are spherical in shape with three dominant
sizes (4, 6 and 8) nm. The (Cu NPs), they were also spherical in shape with two
dominant sizes. The first (50) nm and the second (90-99) nm. As for the (Cu NWs),
they were (50) nm in diameter and (50) micron in length. The results of (Fe,Os)
nanoparticles were that they are nanoscale in the form of fragments and with a
predominant size of (65) nm. As for the results of the mixtures, which were four
mixtures, the first was (Ag NWs D200 + Cu2) with volume ratio (1:1) in absolute
ethanol. The mixing was done by using ultrasonic waves. The results of (SEM)
images showed, that the occurrence of surface adhesion between the spherical
copper nanoparticles and the silver nanowires. The second mixture was (Cu NWs
D50 + Ag NPS) in the same volume proportions as the first mixture and same method
of preparation. The results also showed, that the occurrence of superficial adhesion
between the two materials. The third mixture was (Fe,O3 Nano fragments + Ag NPs)
with volume ratio (1:3) of their suspensions in absolute ethanol with concentration
(0.12) mg/ml. The mixing process was done by two different ways (pulsed laser and
the ultrasonic waves). The results showed, that the occurrence of a new structure
between them, which is the structure of the core-shell. As for the fourth mixture

(Fe,O3 Nano fragments + Cul), it was in the same volume proportions as the third

mixture and in the same mixing methods for the third mixture, the results were the
same as for the third mixture.




The optical absorption properties of prepared samples and mixtures in
absolute ethanol at three concentrations (0.04, 0.08 and 0.12) mg/ml were studied.
The linear absorption coefficient (o) and transmittance were calculated for all
prepared samples, and the absorption bandwidth and peak were determined for each
suspension of material. The results showed low linear absorption rates for all
materials. All samples except the Fe,O3; Nano fragments showed a good absorption
bandwidth within the visible region of the electromagnetic spectrum. All samples
have a low linear absorbance and high transmittance. In addition, the linear refractive
index was measured for all suspensions of materials and mixtures.

The nonlinear optical properties of all materials and mixtures at all
concentrations were studied by using the Z-scan technique with using four
wavelengths (405, 473, 532 and 650) nm of continuous semiconductor laser (CW).
The results showed that all materials have a negative (ny) resulting from the self-
defocusing process. The results showed that there was no nonlinear absorption for

all materials and mixtures. The (Re 7(*)) was calculated for all prepared samples and

® of Cu2 nanoparticles

mixtures. The highest values of the n, and the Rey
suspension in absolute ethanol for the three concentrations used were recorded at the
wavelength of (473 nm) and the intensity of (4.98 Mw/m?) and their values were
(1.13795%1071°, 1.23016x107'% and 1.32163x10°'%) m?»/W and (5.32x107, 5.75x107
and 6.18x107) esu respectively. The lowest values of the n, and the ReX(B)
recorded for the suspension of Fe,O; Nano fragments in absolute ethanol with a
concentration of (0.04 mg/ml) at a wavelength of (405 nm) and an intensity of (13.5

Mw/m?) and their values were (1.94x107'2 m*/W) and (9.12x1077 esu) respectively.

WwEere

The optical limiting properties of all suspensions and mixtures were studied
by using two wavelengths (405 and 532) nm. The results showed that all materials
have optical limiting properties at the two wavelengths used, except for spherical
gold nanoparticles, which did not have optical limiting properties at (532) nm for the
two concentrations (0.04 and 0.08) mg/ml, as well as iron oxide Nano fragments for
the same wavelength and for all concentrations. The results showed that the values
of the threshold power and the limiting power for all materials decreased with
increasing concentration and wavelength. The results of the optical limiting for the
mixtures which they mixed by ultrasonic method, showed the appearance of a two-
stage optical limiter at the wavelength (405) nm.
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NWs D50 at (405 and 532) nm
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Threshold and limiting power by two wavelengths, a: (405 nm), b:
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Threshold and limiting power by two wavelengths, a: (405 nm), b:
(532 nm), for suspension of mixture (Cul + Fe20O3 Nano
fragments) and two methods of preparation
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1.1 Introduction

The laser beam was used in various applications immediately after the first
laser was turned on, as the beam was used to treat eye and skin diseases. Since its
design thirty years ago, the laser has found uses in many fields as a device that is
now used in medicine, astronomy, metrology, chemistry, biology, spectroscopy,
holography and power engineering in various processes in engineering as well as in

communications technology, automation and remote control, in military technology
[1].

The field of nonlinear optics was born in 1875 AD, through a study that
observed the change of the refractive index of Cs2 by the effect of a quadrupole
electric field. Kerr [2] presented this study, and then the research followed. In 1893
AD, the change in the refractive index of quartz was monitored, but by the effect of
a linear electric field, which was later known as the Pockels effect [2]. And upon the
invention of the laser in Ham 1960 AD, as mentioned above, studies and
observations followed that noticed the second harmonic generation (SHG) by
Fianken et al. In quartzites [3]. In 1965 Rentzepis and Pao [4] recorded the first
observation of SHG in organic matter. The discoveries continued to reach in 1981
to Bloemberge and his colleagues, where they explored the full nonlinear response
of systems of materials and they were awarded the Noble Prize. Buckingham and
his colleagues followed them in exploring the nonlinear processes in atoms and
molecules [3]. We can define nonlinear optics as a branch of optics that describes
the behavior of electromagnetic waves in nonlinear mediums, which are media in

which polarization responds nonlinearly to the electric field (E) of the
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electromagnetic wave. This nonlinear characteristic is observed only at high

intensities of light such as those available with lasers, where the principle of
superposition does not apply in this phenomenon. Nonlinear optics is a phenomenon
that studies changes in the optical properties of a material due to interaction with
high-intensity light. The laser beam alone has sufficient intensity to change the
optical properties of the material, which enables the study of nonlinear processes at
very high levels. Whereas, nonlinearity occurs when the response to the optical field

that is focused on is nonlinearly dependent on the intensity of the optical field [5].

Nonlinear optical materials can change the characteristics of the light
scattered through them, that is, the light can be controlled by light, and thus can be
used in photonic applications. To choose a nonlinear optical material in photonic
applications or in a particular application, it must have some properties or
characteristics for that application such as fast response, large nonlinear optical
coefficients, low threshold limit (Law Threshold), and threshold limit with High
Laser Damage Threshold [6 &7].

The nonlinear behavior can be occurred with high intensity laser beams.

Moreover, each nonlinear optical process may consist of two parts [5]:
(1) Firstly, the intense light can induce a nonlinear response in a medium.
(i1) Secondly, the medium tends to modify the optical field in nonlinear way.

The development of nonlinear optical materials was the result of the need for
them in technological applications, as the development of techniques requires
materials that achieve this development. All this led to an increase in researchers'
interest in the science of nonlinear optical materials to include organic and inorganic
crystals, semiconductors, metal nanostructures, thin films of polymers, and so on [8

2
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& 9]. With the growing interest in nanostructures of materials in the 1990s, many

nanomaterials were developed for use in the fields of photonics, chemical and
biological detection. Among the nanomaterials, metallic nanomaterials stood out due
to their surface plasmon properties, which made them an important material in
nonlinear optics. A paper on this topic was reported in 1974 AD about the diffusion

of surface plasmon polaritons on the surface of silver films [10].

The incident light is absorbed by the metal nanoparticles when the free
electrons in them are pushed by the electric field of the beam falling on them to
collectively oscillate at a certain frequency. The oscillation of free electrons in
metallic nanoparticles is limited to a finite size that depends on the dimensions of
the nanoparticle. If the surface plasmon are confined to a nanostructure whose size
i1s much smaller than the wavelength of the incident rays, they are localized and do
not propagate and show a limited frequency known as local surface plasmon
resonance (LSPR). The width and frequency of the surface plasmon absorption will
depend on the size and shape of the metallic nanoparticles, the dielectric constant of

the metal and the surrounding host [11].

The process of rapid development in the field of lasers lead to a transformative
revolution in various scientific and technological fields. The high powers of the laser
were not limited to the use of them only in the research and academic fields, but also
in various industrial and military applications. The manufacture of portable, compact
and efficient lasers such as semiconductor lasers and solid-state lasers has facilitated
work in a variety of applications. With the increasing capabilities of the lasers used,
it was necessary to find a way to protect the optical detectors used with them, the
human eye of the user and the optical components from damage due to these high
energies. Under these challenges, optical limiters had an important role in providing

3
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this protection and preventing damage, as they reduce transmittance at high

intensities (power per unit area) and fluence (power per unit area), so the optical

limiters have received great attention by researchers [12].
1.2 Nanomaterials

Nanomaterials have unique physical and chemical properties that drawn the
attention of scientific researchers to delve into their specifications and properties.
Research has shown that it plays an important and growing role in the future
development of science and technology. With increasing research, metallic
nanomaterials have been used in many fields such as photoelectric information
storage, unique catalyst and nano-enhanced catalysis [13]. Materials with metallic
nanostructures, especially those that include noble metals (Au, Ag, ...... etc.), show
unique photoelectric properties, low bio toxicity, and good stability. That is why
they have received wide interest from researchers working in the fields of
spectroscopy, photonics, electro-optics, medical fields and other fields. For
applications that contain metallic nanoparticles, surface plasmon resonance (SPR)
will play an important role in influencing their linear and nonlinear optical
properties. The addition of metallic nanoparticles (NPs) to other materials led to the
emergence of new classes of materials that changed the course of electro-optics
applications. Colloidal media or suspensions containing metallic nanoparticles are
very promising for the improvements in nonlinear absorption and refraction in these

media [14].

Interest in exploring the important role that metallic nanoparticles play in the
photothermal response has increased as gold nanoparticles (Au NPs) have been used

in processes involving heat transfer of a composite medium. The thermal-optical
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behavior (dn/dT) of solid materials containing (Au NPs) has been studied

theoretically and experimentally [15]. Thermo-optical effects are very important for
optical applications that require a continuous running (CW) or pulsed laser. Because
of the thermal conductivity, the nonlinear thermal response can be used to
investigate many non-local nonlinear phenomena such as spatial soliton (a quantum
or quasiparticle propagated as a traveling non dissipative wave that is neither
preceded nor followed by another such disturbance) propagation and shock waves.
Colloidal solutions or suspensions indicate that thermal nonlinearity enhances

colloidal optical absorption [120].

Silver (Ag), have attracted a lot of attention in the electronics, chemistry,
physics, biology and medicine fields because of their unique properties that depend
strongly on the composition, size, shape of metal nanostructure [17]. The ability to
control the size and shape of metal nanostructures provides a great opportunity to
check the electrical and optical properties of these materials and opens up prospects
for use in different applications as the optical limiting systems [18]. (Ag) has a
highest thermal and electrical conductivity among the metals. It also has unique
optical properties, and this is evident in its major role in photography. The (Ag NPs)
advantages over other noble metals in relation to its physical and chemical properties
are: stability at ambient conditions, low cost than other noble metals such as gold
and platinum, broad absorption band in the visible region of the electromagnetic
spectrum, chemical stability, and non-linear optical behavior [19]. Silver nanowires
(Ag NWs) are a cheap and flexible component of transparent conductive layers,
pressure sensors, temperature sensors, surface-enhanced Raman spectroscopy
substrates, and conductivity layers in solar water splitting photo-electrodes, not to

mention their high electrical conductivity and low optical extinction in the visible
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part of the electromagnetic spectrum [20]. Silver nanowire suspensions have a very

high optical density and are used in a variety of electro-optical applications from

(photovoltaic) stimulation to batteries, color dyes, drug delivery and sensing [21].

Copper nanoparticles (Cu NPs) have also received great attention due to their
high electrical conductivity, linear and nonlinear optical properties, low
electrochemical transmission behavior, high melting point, excellent weldability and
low material cost [22]. (Cu NPs) have been used as a substitute for other noble metals
in many applications such as jet-printing, thermal conductivity and photonics
because their cost is low compared to other noble metals [23]. Copper nanowires
(Cu NWs) have unique properties such as thermal conductivity, electrical
conductivity and tribological properties [24]. These properties made it important in
many applications such as photonics, solar cells, electronic optics, optical limiters,

chemical sensors, and genetic engineering [25].

Placing the semiconducting materials, including Nano iron oxide (Fe,O;) as a
suspension in an organic solvent, showed a quantum confinement of charge carriers
that significantly affected the linear and nonlinear properties of the solvent. The
linear and nonlinear changes that occurred are caused by heat and these changes are
useful in optical and photonic applications [26]. When the suspended solution of the
semiconducting material is excited by an external radiation source such as laser, the
trapping states between the holes and electrons will become more effective for the
excited states and lead to many non-radiative (thermal) transfers. These thermal
transfers lead to a change in the refractive index of the medium, which in turn leads
to the material (Fe,O3) being promising in the field of optical applications, including
optical determinants, where the suspended (Fe,Os) showed a very large thermally

induced nonlinearity [27].
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1.3 Historical Survey of the Literature

Undoubtedly, tens or even hundreds of scientific papers dealing with the study
of nonlinear optical properties of materials and applications. In particular the optical
limiter application. In order for the historical review of the previous literature to be
objective and simulate the work presented in this dissertation, we have touched upon
the articles in which the same materials that were used in this dissertation were used.
We have included in this review the articles that used CW lasers in the study as we
did in this dissertation, as well as the articles that used pulsed lasers to show the wide
range of use of these metallic nanomaterials as well as their improvement of the

properties of other materials when used with them.

In 1999, Ya-Ping Sun et. al. studied the strong optical limiting of silver-containing
nanocrystalline particles in a stable suspension. It was stabilized using PVP polymer
in ethanol. Its optical limiter properties were studied using a nanosecond pulsed laser
at (532) nm. The threshold fluence value was (0.37) J/cm? and the intensity limit was
(0.18) J/cm?. These results showed superiority over the standard substances such as

chloroaluminum phthalocyanine and fullerene in the solutions [28].

In 2001 R. A., Ganeeyv et. al. studied the refractive indexes, absorption coefficients
and nonlinear susceptibility of the Au, Pt, Ag and Cu colloids. Using lasers pulsed
in picoseconds and nanoseconds at (1064) nm and (532) nm, these properties were
studied. The nonlinear refractive index of the materials showed a negative value,
except for gold at the wavelength of (1064) nm and the same thing at the wavelength
of (532) nm, except that copper became positive as well. It has shown good

properties for use as an optical limiter for ultra short pulse lasers [29].
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In 2002, Renjis T. Tom et. al. prepared the structures for the core-shell of the
Au@Ti02, Au@ZrO2, Ag@TiO2 and Ag@ZrO2 nanoparticles. The results of the
nonlinear optical properties and the results of the optical limiter showed that these
structures work well for picosecond and nanosecond lasers with a high damage

threshold [30].

In 2003, R. A. Ganeev et. al. studied the nonlinear absorption of two types of glass
doped with Cu nanoparticles by ion implantation method. The types of glass were
silicate glas and soda-lime glas, and after doping, they were denoted by SG: Cu and
SLSG: Cu, respectively. Using Z-Scan technology and a picosecond pulsed laser
with a wavelength of (1064) nm, the properties of nonlinear absorption and optical
limiter properties of the two types of glass were studied. The results showed an
increase in the nonlinear absorption of the SG:Cu type over the other type, as well
as the two types showed good optical definition compared to the unblemished glass,
but the Cu:SG type had a (15) times higher optical definition than the second type
[31].

In 2004, P. Prem Kiran et. al., studied the enrichment of the optical limiting of Ag-
Cu co-doped in SiO; sol-gel films depending on the nonlinear optical properties and
the role of surface plasmon resonance (SPR). The study was carried out using high-
powered picosecond and nanosecond pulsed lasers. Films made from these materials
showed a self-defocusing nonlinearity of both lasers. The nonlinear refractive index
decreases with decreasing particle size. As for the nonlinear absorption, it increases
with increasing Cu concentration. The excitation near the surface plasmon resonance
of Cu affected the behavior of the optical limiter in contrast to the excitation near
the surface plasmon resonance of Ag. It also appeared that the contribution of
scattering is much less than that of nonlinear absorption in affecting the optical

8
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limiting. The values of the nonlinear refractive index (n,) were recorded in the range
of ((1.66 - 3.12) x10 > cm?*/W) and the third-order susceptibility (X2) about ((0.89-
1.68)x 107 esu) [32].

In 2006, Hui Pan et. al. studied the properties of the optical limiting of metallic
nanowires of Cu, Ni, Co, Pd, Ag, and Pt. It was studied using a pulsed laser with a
repetition rate of (10 Hz) with wavelengths of (1064 and 532) nm. The results
showed that the optical limiting of some metallic nanowires is much better than the
results of carbon nanotubes, except for (Cu and Co) nanowires, for the two
wavelengths used. It also has a broadband optical limiter. The dimensions of the
studied wires were (diameter = 50 nm, length = 30 microns). It appears that the
dominant mechanism for nonlinear limiting of metallic nanowires is nonlinear

scattering [33].

In 2007, Yachen Gao et. al. studied the effect of the size of the Au nanoparticles on
the optical limiting. The sizes (15, 25, 50 and 70) nm were studied using a
nanosecond pulsed laser at a wavelength of (532) nm. The results showed that the
optical limiter depends on the size of the nanoparticles and that it does not increase

monotonously with the increase in size. It turns out that the best size is (25) nm [34].

In 2008, R. Sreeja et. al. studied the effect of the size of Au nanoparticles suspended
in deionized water and as films in (PVP) polymer on their nonlinear optical
properties. The size of the Au nanoparticles was (4 and 6) nm. The study was carried
out using a pulsed Nd:YAG laser operating at a repetition rate of (10) Hz. The results
showed that the values of the nonlinear refractive index and the real and imaginary
of third-order susceptibility values are negative and increase with decreasing particle

size, and they are better for the polymer suspension than for the water suspension.
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The reason is that the mechanism of influence in the two hosts, is the interband
transitions of nanoparticles, but the effect of the thermal lens in the polymer is added
to it due to self-defocusing. It appears that the optical limiter increases with

decreasing particle size [35].

In 2009, Qiguang Yang et. al. studied the effect of morphology-controlled on linear
and nonlinear optical properties by using the Z-Scan technique for Au-SiO2 coposite
film and the degeneration four-wave mixing technique. The predominant size of Au
nanoparticles was (15) nm and (2.5) nm width. A nanosecond pulsed laser with a
wavelength of (532) nm was used. The results showed that the dominant mechanism
is the reverse saturated absorption by influencing the nonlinear properties. The
optical limiting results showed that it works efficiently at large sizes of Au
nanoparticles for short pulses laser, but this efficiency is lacking at 2.5 nm size

because large particles cause high scattering [36].

In 2010, J. Zamir Anvari et. al. studied the thermo-optical properties and the
nonlinear responses of copper nanoparticles in polysiloxane oil. A CW laser source
with a wavelength of (532) nm was used. The results showed a low-power optical
limiter for a low limitation threshold resulting from thermal solf-defocusing and self-
focusing. The nonlinear optical response was studied by measuring the intensity
dependent on the refractive index in the medium using the Z-Scan technique. The
value of the nonlinear refractive index was negative, about (-1.5 2x1077) cm?/w. The
study showed that the values of the optical limiting changed according to the change
in the engineering design of the system (the distance of the sample from the focus,
the distance of the detector from the sample and the diameter of the detector

aperture). The study showed that the non-local thermal nonlinear refractive index

10
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plays a major role in the development of photonic applications based on metallic

nanoparticle suspensions [37].

In 2011, Yaping Han et. al. studied the optical limiting properties of silver
nanowires Ag NWs. Using a 30 picosecond pulsed laser with a wavelength of (532)
nm and Z-Scan technic. The results showed that the silver nanowires Ag NWs had
a strong optical limitation, and that the greatest mechanism prevailing for the

nonlinear optical determinant of these nanowires is the nonlinear scattering [38].

In 2012, M. Eslamifar and N. Mansour studied the enrichment of optical limiting
properties with gold nanoparticles (Au NPs) suspended in deionized water. The
particle size of Au NPs was about (7) nm and the surface plasmon absorption (SPA)
peak was (520-530) nm. Using a laser source (CW) with a wavelength of (532) nm,
the nonlinear optical properties were studied. The results of the nonlinear properties
showed that there is not nonlinear absorption of the suspension and that the nonlinear
refractive index n, is negative and its value is (-1.58x10"® cm?*/W). The mechanism
responsible for the nonlinear properties is thermal lens formation and self-
defocusing. The properties of the optical limiter can be achieved with experimental
geometry. Because the results showed that the limitation threshold increased linearly
with the increase in the diameter of the circular aperture and decreased linearly with

the increase in the distance between the sample and the circular aperture [39].

In the same year, HODA ALEALI et. al. studied the tunable of threshold limiter
of gold nanoparticles in CASTOR OIL. The particle size of Au nanoparticles is about
(25) nm. The nonlinear optical properties of suspension of Au nanoparticles was
studied in water and castor oil. By using CW laser source with (532) nm and Z-scan

technique, large nonlinear refractive indices were obtained to the suspension in the

11
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water and castor oil in range in oil ((1.61-7.76)x 107 ¢cm?/W)) and in water ((0.3-
2.5)x 10 cm?/W)) as results of concentrations with minus sign. The results was
shown that the values of nonlinear refractive induces in castor oil is better than in
water because of the difference in thermal conductivity between them. Thermal
induced effect is the dominate mechanism of the nonlinear refraction process. The
optical limiter results showed that the threshold can be changed by adjusting the set-
up and concentration of the suspended Au nanoparticles. The results of the optical
limit are attributed to the diffraction of the laser beam when passing through the

sample [40].

In 2013, Olivier Muller et. al. studied the effect of shape and size on the nonlinear
optical behavior of Ag nanoparticles suspended in ethyl alcohol and on the optical
limiting in comparison with the suspended carbon black. Using a nanosecond pulsed
laser with (532 and 1064) nm wavelengths and Z-Scan technnic. The shapes of the
studied particles were Nano plates, spherical, multiplaned, and Nano flowers, with
average size ranging from (60 to 70) nm. The results showed that the optical limiting
is highly dependent on the size of nanoparticles and that its performance improves
with small particles. At the wavelength of (532) nm, the best non-linear attenuation
was for spherical nanoparticles, while for other shapes it was twice less and the same
behavior for the wavelength of 1064 nm. In addition, the results showed that surface
plasmon resonance is not the main influence responsible for the nonlinear processes.
They concluded that the optical limiter is highly dependent on the size of the
nanoparticles, and its best performance is for small particles, and that the shape does

not have a large effect [41].

In 2014, Morvarid Rashidian and Davoud Dorranian Present an exploratory

study on the optical determinant of metallic nanoparticles. Where gold and silver
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nanoparticles were studied in several concentrations as suspensions in water, with a
CW laser wavelength of (532) nm, and they presented the following conclusions:
The mechanism of nonlinear refraction is the dominant mechanism for the response
of the optical limiting. The efficiency of the optical limiting increases with the
decreasing size of the nanoparticles. The threshold power of the optical limiter
decreases with increasing concentration of nanoparticles in the suspension. The
threshold limit can be improved by changing the geometric design in terms of the
dimensions of the set-up and changing the concentrations of the samples. Self-
defocusing is predominant by the thermal effect and is largely related to the
absorbent properties of the medium. Thermal self-diffraction can be observed if the

sample is placed behind the focus [42].

In 2015, Y. C. Gao and C. Y. He, studied the effect of the solvent (host) on the
response of the optical limiter to platinum nanoparticles protected by C60. Three
different solvents were used (chloroform, ethanol, and dimethylformamide (MDF)).
Using a nanosecond laser pulse with a wavelength of (532) nm. The results showed
that the optical limiter depends on the thermodynamic properties of the solvents such
as thermal conductivity, heat capacity and boiling point. These properties are
responsible for causing a rapid local temperature rise in the solvent surrounding the
nanoparticles suspended in it or the heat transfer from the nanoparticle to the solvent,

which greatly affects the optical limiter [43].

In 2016, Y.S.Tamgadge et. al. studied the optical limiting of the nanostructure films
of Cu nanoparticles doped with ZnO nanoparticles in PVA with different
thicknesses, which were in the range of (120-193) nm. The size of the nanoparticles
was about (20) nm. The values of the absorption and excitation peaks were at (343
and 360) nm. A CW laser with a wavelength of (632.8) nm was used to study the

13
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nonlinear optical properties. The values of the nonlinear refractive indices were
negative and in the range of (2.8x10* - 6.5x10*) cm?/w, and the values of the
negative nonlinear absorption coefficients were in the range of (2.3x10™*— 7x10%)
cm/W and the values of the nonlinear third-order susceptibility are in the order of
(2.8x10™* - 6.5x10%) esu. The results showed that the enrichment of the nonlinear
properties is attributed to the effect of self-defocusing, the reverse saturable
absorption and the thermal effect. The results showed that the properties of the
optical limiter are good and increase with increasing Cu concentration, and the best
value for the limiting power was (20) mW and the threshold power was (16) mW
[44].

In 2017, Meng Bi et. al., studied the optical limiting properties of liquid crystal
elastomer doped with Ag nanoparticles. The size of Ag nanoparticles was about (20)
nm. A nanosecond pulsed laser with a wavelength of 532 nm was used to study the
properties of nonlinear absorption and optical limiter properties. The results showed
that the nonlinear absorption changed from saturable absorption to reverse saturable
absorption with increasing incident intensity. The optical limiting properties are
good and the limiting threshold value is (3.7) J/cm?, which is very close to the

benchmark of C60 value [45].

In 2018, Dehghanipoor Masoud et. al. studied the nonlinear absorption enrichment
and optical limiter properties of graphene oxide (GO) mixed with iron oxide
nanoparticles (Fe>Os), where the mixing ratio was 10:1 volume. The mixing process
was done using sonication. A CW laser with a wavelength of (532) nm was used to
study the properties of nonlinear absorption and optical limiter properties. The
nonlinear absorption properties of the mixture were studied, and the results showed
that the nonlinear absorption increased with increasing concentration of iron oxide
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nanoparticles. The properties of the optical limiter were studied, and the results

showed that the limiting power increases with increasing sample length [46].

In 2019, J. John, R.M. Mathew, 1. Rejeena, et. al. studied the nonlinear optical
limiting of a liquid (not authorized by the researchers) containing green Cu
nanoparticles. The size of Cu nanoparticles was (3-6) nm. The nonlinear optical
properties were measured using the Z-Scan technique using a nanosecond pulsed
laser with a wavelength of (532) nm. The results showed that the value of the
nonlinear absorption coefficient of this solution is (7.33) cm/GW and the value of
the imaginary third-order susceptibility is (1.24x107'%) esu. The copper nanoparticles
showed inverse saturated absorption caused by the two-photon absorption
mechanism. The results of the optical limiting showed that it is very effective for
high energies, where the limit value was (237) MW/cm? and this efficiency is due to

the nonlinear absorption of copper nanoparticles [47].

In 2020, Hongyan Zhang et. al. studied the preparation of silver nanoparticles of
different sizes and optical limiting properties in their acidic solution. The shapes of
the nanoparticles were spherical and with sizes of (40, 45 and 78) nm. The results of
the nonlinear optical properties and optical limiting properties showed that the
nonlinear absorption mechanism resulted from saturated absorption and inverse
saturated absorption, and that the limiting efficiency decreased with the increase of
the incident intensity of the large nanoparticles, and the efficiency increased with
the decrease in the size of the particles. The reason for this is that the high energy
absorbed by the large particles leads to its deformation and then its melting and
evaporation. Thus, small silver nanoparticles are more suitable for use in high-

energy optical parameters [48].
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In 2021, Peiran Tian study the ZnO films, ZnO films doped with Ag nanoparticles
and ZnO films doped with Cu nanoparticles deposited on quartz substrates. Using
the Z-Scan technique with two pulsed lasers, the first in nanoseconds and the second
in femtoseconds, with a wavelength of (532) nm, the nonlinear optical absorption
properties and optical limiter properties of the films were studied. The results of the
non-linear absorption and optical limiter showed that the doping process led to a
significant improvement in the non-linear absorption values of the films compared
to the non-doped film. The mechanism contributing to this increase in absorption is
the two-photon absorption and the inverse saturated absorption. The doping process
also led to an improvement in the properties of the optical limiter, as the doped films

showed high efficiency to work with the femtosecond and nanosecond pulsed lasers

[49].
1.4 Dissertation Structure Overview

A comprehensive overview of the contents of this dissertation will be provided by

reviewing what each chapter dealt with and what was highlighted, as follows:

Chapter One included an introduction that reviewed the history of scientists’
sensing of nonlinear optical properties, leading to the discovering of the LASER and
the invention of its devices, which enhanced this part of physical optics, to the need
that led to the protection of optical devices, tools and the eyes of their users through
optical limiting. Where these limiters allow the light intensity, transmit to a certain
extent commensurate with the system or device to provide protection for it from the
occurrence of optical damage. Then, samples of researchers' work for the past twenty
years were reviewed. By selecting articles that used materials similars the materials

used in this dissertation, as well as the areas of the limiters working with CW lasers
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and pulsed lasers. Not to mention the mixing of materials of interest with other

materials and its impact on developing the work of optical limiting. Then it included

paragraphs to clarify the contents and aim of the dissertation. Introduction titled

this chapter.

Chapter Two titled the Theoretical Part. As each field of science is based on

theoretical rules and mathematical equations, by which the results analyzed and the
studied parameters were calculated. This chapter included a review of the scientific
rules on which explicate of nonlinear optical phenomena. The mechanism that leads
to their occurrence, the mathematical equations that describe these mechanisms was
described, as well as the mathematical equations that were used to calculate the
parameters that were studied for the nonlinear optical properties and the basis for the

work of optical limiters and their principle of operation.

Chapter Three included a briefreview, with a flowchart, of the overall work carried
out in this dissertation. This was followed by a full detail of each step taken, starting
with the preparation of the material, Samples preparation, the tests carried out on
them, and the results obtained. In addition to a schematic description of the settings
used in the study and the brands of devices that provided us with the data.
Experimental Part titled this chapter.

Chapter Four is the last chapter of this dissertation. This chapter is titled with

Results, Discussion and Conclusion. The results of scanning electron microscopy

examinations that show the morphological properties of all samples were reviewed.
A computer program analyzed all the images for all the samples. This analyzing
provide description to the shapes and sizes for the all particles of materials. Then the

results of the linear optical tests were reviewed for all samples of the materials used
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and for all their concentrations that were represented by graphs showing the linear

optical absorption of these samples. Then a description, analysis and conclusion of
these diagrams, and an account and measurement of some linear optical parameters
followed it. After that, the nonlinear behavior diagrams for all samples were
reviewed and the parameters were calculated based on the recorded data from the Z-
scan system, was calculated and followed by a description and analysis of its
behavior and a calculation of the important parameters to show the results and a
conclusion for that behavior and results. Finally, the schematics that describe the
behavior of the optical limiting for each sample, which represents the main objective
of this dissertation, were reviewed. The required parameters were measured and the
behavior of each material was explained based on the concentration, wavelength

used, and the laser intensity incidents on it.
1.5 Aim of the Work

The main objective of this dissertation is to study the properties of the optical
limiting at the visible spectrum region of the electromagnetic spectrum for a group

of metallic nanomaterials (except for one of them was metal oxide).

Shows the effect of the morphology, concentrations, size and type of the

nanomaterial on the properties of optical limiter.

Make a mixtures of some of these nanomaterials with two materials for each mixture
by using two mixing methods to improve the extent of the optical limiter and

studying the effect of these two methods.

Studying the morphological properties, linear optical and nonlinear optical

properties of these mixtures and their effects on OL.
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2.1 Introduction

To find out the theoretical basis on which the studied properties of linear
optical properties, third-order nonlinear optical properties and properties of the
optical limiting are based, which is the final goal of this thesis. In this chapter, we
will review the theoretical and mathematical basis for these properties, and we will
discuss the properties of the optical limiting, its general definition, the ideal optical
limiting, and its work mechanism, with a mention of the materials used in it and the
important requirements of the optical determinant.

2.2 Linear Optical Properties

The interaction between the nature and distribution of the internal charge of
the material and the electromagnetic radiation incident on it leads to the emergence
of linear optical properties of the material [50]. When the electromagnetic rays
incident on the material and interact with it, then many processes will occur. As part
of these rays will be reflected from the surface of the material and it is called the
(reflected part) and part will pass through it and it is called the (transmitted part) and
there is a part that is absorbed by the material and it is called the (absorbed part)
[51].

2.2.1 Absorption

Optical absorption is defined as the process by which radiation incident on a
material transfers some or all of its energy to it. In other words, it is the process of
decreasing the intensity of certain frequencies (certain wavelengths) of
electromagnetic radiation. This process leads to the rise of electrons from one level
to another level of higher energy. This rising is a product of the process of interaction
between the electric dipole moment of the electrons and the electric compound of
the electromagnetic ray photons. The absorption potential is proportional to the
density of the substance. In the case of solutions or suspensions, the probability of
absorbing photons incident on a solution or suspension is directly proportional to the
concentration of particles in that sample (the number of particles in the medium).
The relationship between the concentration in a sample and its thickness through
which the incident ray passes (the length of the optical path) is expressed
idiomatically with absorbance or optical density and mathematically by the
following equation [52]:
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I
A =logy, (T") =€lC .o v (2.1)

The equation (2.1) is known as the Beer-Lambert Law of liquids [53]. Where
A: Absorbance C: Concentration, [: The length of the optical path that the ray travels
through the material, €: Molar extinction coefficient (cm™ M), I,: Intensity of
incident ray before entrance and I: Transmitted intensity at a specific wavelength.

2.2.2 Linear Absorption Coefficient

The linear absorption coefficient (a,) or the attenuation of the intensity of light
that passes through a material, which is a factor that expresses a portion of the
absorbed beam for a unit thickness of the material [54]. According to the “Beer-
Lambert law”, the absorption coefficient can be found through the following
relationship [55]:

A
ay(cm™1) =2.303 TR (2.2)

- (1) 23
ay = 7in{= e e e e (2.3)
Where T: Transmittance of medium, which is the ratio of the penetrating intensity

(I) to the incident intensity (I,) after the medium absorbs part of the incident ray

and [: Thickness of medium [56].

I
T=— . (24)
Iy
T=10"4..........(2.5)

2.2.3 Linear Refractive Index (n)

An essential parameter of any optical material is the refractive index. Usually,
the Maxwell wave equation is the main source for deriving important optical

properties, definitions, formulas and basic concepts of materials. The refractive
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Index (n) of a transparent optical material is defined as the ratio of the speed of light
or electromagnetic wave (C) in a vacuum to the phase velocity (v) of the same wave

in the material [57].
I 2.6
n= v( .6)

The (n) is inversely proportional to the wavelength of the incident wave on
the material. With the exception of some materials, the refractive index also changes
according to the direction of the electromagnetic waves in the material and these
materials are used to change the polarization direction of these waves [58], so the

complex refractive index can be given by:
n=n+ik.....(2.7)

Where k: extinction coefficient or the absorption index (or the imaginary part of
the complex refractive index ). Both of (k and n) depend on wavelength. When the
electromagnetic radiation falls on the material, it works to move the charge in the
material, resulting in a dipole. If (v) is the frequency of the alternating electric field
of the incident electromagnetic wave, and therefore the electrical polarization of the
particle will fluctuate at the same frequency (v). So part of the energy of the incident
wave will be converted to the vibration energy of the generated electrode dipole and
thus reduce the amplitude of the incident wave [59]. The greater the polarization, the
greater the effect of the delay, and the higher the refractive index, the lower the speed
of light in the material. The material that does not have polarization does not have

any delay in returning the light, and therefore its refractive index is (n = 1) [60].
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2.3 Nonlinear Optics

When one or more high-intensity electromagnetic waves propagate in a
medium, the atoms of the molecules of that medium will vibrate not only at the
frequency of the electric field of the electromagnetic wave that is applied to it, but
with a different combination of frequencies as a result of the nonlinear response of

the medium.

The charged particles of the medium will be displaced from their original
equilibrium positions, and then the positive charges will move towards the electric
field of the applied electromagnetic wave and the negative charges against it. An
electric dipole moment will arise due to the displacement between the positive and

negative charges and the dipole moment will induce a polarization in the medium.

From the foregoing, nonlinear optics is a physical phenomenon in which high
intensity light such as a laser or a high intensity electromagnetic wave is stimulated
in response to a nonlinearity in the medium. In contrast, the medium will adjust the
optical fields in a nonlinear manner. In fact, all media are nonlinear mediums of a

certain degree of intensity [61 & 62].

When the medium is exposed to an electromagnetic wave of not high
intensity, it causes the atoms (charges) of the medium to vibrate. This vibration of
the charges is consistent with the frequency of the incident ray, that is, it has the
same frequency where the displacement of the charges is proportional to the value
of the electric field of the incident ray. Because of that, a ray of the same frequency
of the incident ray may be emitted or non-radiative processes like heat in the material

or any other energy transformation processes may transform the energy absorbed by
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The material. Therefore, the linear induced polarization given by the following

equation [63]:
ﬁL = 80 X(l) E . (2.8)

Wheree,: Permittivity in vacuum (dielectric constant),y: The first order linear

optical susceptibility which responsible for linear absorption and linear refraction

andE: Applied electric field.

When applying high enough electric fields, then it will induce a non-linear

polarization that depends on these fields, and it can be expressed by:
P=ggyWE+eyPE 4+ y®E3 4. = PD 4 p@ 4 pB) 1 ...(2.9)

Wherey®: The second order nonlinear susceptibility which responsible for sum and

difference frequency mixing, optical rectification and electro-optic effect and y®:
The third order nonlinear susceptibility which responsible for nonlinear refraction

indices, implicitly to the optical limiting phenomenon [64].

The solution of Maxwell’s equations (2.10 and 2.11) is necessary to describe the

nonlinear light interaction with matter [65].

rxh=2P 2.10
= e er. (2.10)

VXH=0.....(2.11)

Where D: Displacement related through D (E) = ¢yFE + P (E) where the electric
polarization P (E) is the dipole per unit volume, H: related through B=x, H (B:

magnetic field
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and u, Permittivity of free space). By separating the linear part from nonlinear part

in equation (2.9), then the equation become [65]:
P(E)= & (& — DE +Pyp oo vee cvv ... (2.12)

Where &;: Linear dielectric constant.

In this form the electric displacement becomes:
D (E) = gy&,E + Pyp oo oo ... (2.14)

Maxwell’s equations can be written as:

] L 0E 0Py,
VXH=> (e0&1E + Py,) = f0f15, + 5 .. (2.15)
VxE= g (u, H) = oH 2.16
=3¢ o = “Hog; e (2.16)

To extract the nonlinear wave equation need to solve equations (2.15 and 2.16). The

rotation of equation (2.16) is:

= 0H d
VXVXE=V X(‘“OE)zz‘“oa (V X H) .....(2.17)

By substituting equation (2.15) in the equation (2.17) get:

. 0 0E 0Py,
VXVXEZ—‘U.O&(E()&&E"' 6t
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By using general identity, V X (V X E ) = \7(\7. E ) — V2E the equation (2.18)

becomes:

. . ) 0E 0Py,
V(V.E)—V?E = —u, — — +—] 2.19

In general V. E = 0 this simplifies equation (2.19) as:

Where 11, &g = ¢ 2 (c: Speed of light in vacuum. The equation (2.20) is known the
nonlinear inhomogeneous equation [66]. According to the solution to obtained
nonlinear wave equation by [67]. And by using the assumption which is known
“slowly varying envelope approximation (SVEA)” through neglecting the first and
the second order temporal derivatives of nonlinear polarization and the order spatial
and temporal derivatives of the amplitude of the electric field of electromagnetic

wave by [68] the nonlinear wave equation be [65]:

aE] n n] 6E] . (1)] 1 [—)\ ik;z 221
e Fraiak c1; 2, NL;€ T ( )
Where, k; = Li%J , w;: The frequencies of plane waves, n;: refractive index of plane
c

waves le = ‘/E'j
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2.3.1 Processes of Optical Third-order Nonlinear

According the equation (2.9) which refers to inducing a non-linear
polarization that depends on electric fields and by considering the sinusoidal field

equation, which is, clearly describes of optical behavior as follow:
E(z,t) = E,cos(wt — kz) ...... ... (2.22)

With k% = sw?/c?, where, E,: The amplitude of the field, k: The propagation
vector, characterizing the phase of the optical wave with respect to a reference
point, kz describes the relative phase of the wave . By substituting equation (2.22)
in to equation (2.9) get:

P = yWE, cos(wt — kz) + y P E? cos?(wt — kz)
+ xPE2 cos? (Wt — KZ) ve vvv e v e e e enn (2.23)

Equation (2.23) shows, a du to nonlinear polarization, a new frequency components

presence [69].

The third-order nonlinear susceptibility (y ) is the subject of the study which leads
to nonlinear refractive index (n,) and nonlinear absorption coefficient (B). The (y®)

equation consist of two parts (really and imaginary). In general, the (y®) can

expressed in the following form [63, 70]:
x® = Re (x®)+Im (x®) ... (2.24)

Where Re ()((3)): The real part of the third-order nonlinear susceptibility,

Im ( )((3)): The imaginary part of the third-order nonlinear susceptibility [70].
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g, n3c?
Re (x®) (e.s.u) =107* =2 no Ny eereee (2.25)
T
= ® .. (2.26
"= Jo-tg nzcz X (2.26)

2
Ny, In unit (%): Nonlinear refractive index of material, c: velocity of light in space,

n,: Linear refractive index of material. The Im ( )((3)), can be expressed in terms of

the nonlinear absorption coefficient (/) [70]:

goné c?
Im (x®) (e.s.u) = 1072 04# B (2.27)
4 2
— -2 3
g = 10 e @ . (2.28)

B, In unit (%), A: Wavelength for incident ray.

2.3.1.1 Nonlinear Refraction

One of the major and important nonlinear optical effect is nonlinear refraction.
It plays a large and influential role in many optical and electro-optical applications.
The nonlinear refractive index (ny) is defined as the change in the refractive index of
the material under the influence of the high intensity of the electromagnetic wave
incident to the material, such as the laser beam. It can be described in the following

relationship [71]:
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The change in the refractive index of the material under the influence of the

high intensity of the laser beam can result in many effects. One of the most important
effects 1s self-focusing and self-defocusing [72]. These effects are of great
importance in optical limiter and optical switch applications. Self-focusing is one of
the nonlinear processes that can occur due to the dependence of the refractive index
on the intensity. This process causes spatial variation in the laser beam, where a
beam of high intensity changes the optical properties of the medium in such a way
that the beam is focused inside the material so that the material acts as a positive lens
(convex lens, n2 > 0 1s positive). This focus of the laser beam will induce a difference
in the refractive index inside the material where the refractive index will be
greater in the center of the beam than in its periphery. This process is of great
practical importance because the intensity at the self-focusing spot is large enough
to cause optical damage to the material [73 & 74]. As for the self-defocusing, it
increases the spacing of the laser beam, which leads to the widening of the beam and
thus leads to a decrease in transmittance and the material acts as a negative lens
(concave lens, n2 < 0 negative) [75 & 76]. For more explanation, the following must

be clarified:

Permeability and permittivity (1 and €) are a parameters every substance
possesses them. These parameters determine the interactive method between light
and material. The real refractive index must be possessed by the material
transmitting electromagnetic rays and the yu and € must have the same sine [77].
Which material have both negative sign of (1 and ¢) termed as left-hand material
because the electric and magnetic fields form a left set of vectors with the wave

vector [78 & 79]. Also called negative-refractive index material (NRM) and as
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is demonstrated both theoretically and experimentally by [80], lenses and optics
made from (NRMs) will produce unusual optics. From the equation of the dielectric
permittivity of propagation of Transverse electric polarized (TE- polarized) in

nonlinear Kerr-type (NRM) below:
c=g +&|E%......... (2.30)

On the right-hand side of above equation (2.30), the first and second terms
characterize the linear property and the Keer-type nonlinearity , respectively. For a
normal medium, (&, > 0 and &, < 0) correspond to “self-focusing” and “self-
defocusing” medium, respectively. There are necessary conditions for a light beam
“self-focusing” and “‘self-defocusing”. An optical beam scattered in a nonlinear
medium subjected to “self-focusing or defocusing” depends on the additional phase
shift caused by the nonlinear refractive index [81 & 82]. Therefore, it is useful to
discuss the effect on a beam of nonlinear effect alone. From the growth equation for
the electric field envelop 4:

2ika—A+V2A+k2€—2|A|2A=0 (2.31)
azz J_ 61 ......... 0

Where k = \/e;uw/c. If we neglect the deviation in the equation (2.31), we have the

following solution [83]:

A(r,z) = A(r,0) expliopy, (1), 2)] ... ..... (2.32)

Where 7, : Coordinate vector, ¢, : Nonlinear phase.

&
b (r,2) =k i 1A(r,, 0) |27 ... .. .. (2.33)
1
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Equation (2.33) indicates that the transverse distribution of the nonlinear

phase is similar to that of input beam . The transverse component of the wave

vector at a transverse point rL in a beam is [83] :
KJ_(TJ_,Z) = Vld)NL(TJ_,Z) = :—;VJ_|A(TJ_, 0)'22 ...... (2.34)

This result is independent of the beam profile. This variation can be viewed as a
spatial chirp. From the equation (2.34) get a conditions for self-focusing and self-
defocusing of an optical beam in (NRM). From the foregoing, it is clear that the
light propagates in the opposite direction to the flow of energy in the material
(NRM). Meaning that the direction of the wave vector K is opposite to the
propagation direction of z, and therefore the k < 0 in addition, as a symmetric
Gaussian wave with circular symmetry and more intense in the center, then ¢; < 0
and V|A(r;,0)|?> < 0. From the foregoing, the following conclusions will be

drawn:

s For & < 0, an optical beam will probably self-focuses. This is because of
that K, > 0, i.e. the direction of transverse wave vector is the same as that
of transverse coordinate vector rl in this case. When a Gaussian beam with
an initially uniform wave front propagating in such a medium, its uniform
wave front will evolve to a converging spherical wave front, as Fig. (2.1 a)
shows [83].

¢ For e, > 0, an optical beam will probably “self-defocuses”. This is because
ofthat K, < 0, i.e. the direction of transverse wave vector is opposite to that
of transverse coordinate vector rl in this case. When a Gaussian beam with
an initially uniform wave front propagating in such a medium, its uniform
wave front will evolve to a divergent spherical wave front, as Fig. (2.1 b)
shows [83].
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™
T

Fig. (2.1): a: Self-focusing £, < 0 for Gaussian beam propagate in (NRM), b: Self-

\J
\J

defocusing €, > 0 for Gaussian beam propagate in (NRM) [83].
2.3.1.2 Nonlinear Absorption

Nonlinear absorption means, the change of permeability of a material as a
function of density or fluence. Electromagnetic waves of high intensity such as
lasers can cause profound changes in the optical properties of a material resulting in
a nonlinear response of the real and imaginary parts of polarization [84]. The
imaginary part is related to the nonlinear polarization. The nonlinear absorption is
proportional to the intensity square or proportional to the intensity of the higher
orders as it refers to the change in the permeability of the material as a function of
the intensity falling on it [85] as there are different effects that can be produced by

nonlinear absorption, including:
2.3.1.2.1 Two Photon & Multi Photon Absorption

A transition from ground state (1) of a material to a higher-lying state (2) by
the simultaneous absorption of two photons via an intermediate virtual state known

as Two photon Absorption (TPA) , as it shown in Fig. (2.2).
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Fig. (2.2): Two-photon absorption (TPA) Schematic diagram [86]

The probability of a substance absorbing more than one photon before it
relaxes to the ground state can be greatly improved at sufficiently high intensities.
In 1931, Goppert-Mayer derived using the theory of second-order quantum

perturbation, the probability of the transmission of two photons in a system [86].

Multiple photon absorptions (MPA) are very promising for frontier optical
[87], 3D microfabrication [88], optical data storage [89] and biomedical applications
[90]. The process of absorption of more than two photons is a process of higher
orders, in which three or more photons are absorbed. It refers to the absorption of

(n) photons from a single beam or more than one beam, as shown in Fig. (2.3).
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Fig. (2.3): Three and multi photon absorption (MPA) Schematic diagram [85]

where the absorption of photons with Rank (n + 1) can be given by the following
equation [85]:

dl
- = —(ag + Y™V M) ... .. (2.35)

Where I: The intensity of the transmitted light, y ™+ The absorption coefficient of
an ordered photon (n + 1), %: Decreases intensity of light with the depth of

propagation in the medium. Since the nonlinear absorption of two photons is one of
the forms of multi-photon absorption, then the nonlinear absorption of two photons

will be proportional to the square of the intensity as in the following equation [85]:

dl ,
= —al- Bl (2.36)

Where, a: Linear absorption coefficient and : Nonlinear absorption coefficient for

two photons. When the intensity is not sufficient to show the nonlinear properties,
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in this case the absorption is negligible and neglected. Thus, the equation (2.36) is

in the following form:

_ - aO I ......... (2.37)

2.3.1.2.2 Excited state absorption (ESA)

When high-intensity light falls on the material, the excited state absorption
(ESA) can become significant due to the large number of excited sites. The excited
electrons will rapidly move to the higher excited states before decaying back to the
ground state. The possibility of a number of higher states that can be associated with
these intermediate states is also included in which the energy differences are in a
state of quasi-resonance with the energy of the incident photon. In such a case, before
the electron is completely relaxed to the ground state, it may undergo an absorption
that raises it to another higher state. The ESA mechanism of nonlinear absorption
understood by a five-level model. That indicates five featured electronic states [69,

85] is shown in Fig. (4).
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Fig. (2.4) Five energy levels for the excited state absorption (ESA) schematic diagram [85]

From the Fig. (2.4), the absorption of the incident photon leads to an increase
in the number of electrons in the first excited single state (S1), where the electrons
will move from the ground state (So) to the excited state (S1). Then the following
possibilities can be (1) The electron can relax back to the ground state by radiant or
non-radiative transition with a rate constant (k¢). (2) Can undergo a spin transition to
a triplet state (T1) (a transit in the system between two different levels of
multiplicity) with a rate constant (kisc). (3) The material can absorb another photon
sufficient to enhance the number of electrons in the higher level (S2), from which it
can relax back to the first excited single state (S1). Accordingly, the electrons in the
aforementioned three possibilities have two options: (a) They can relax back to the

ground state by another spin-reversal transition and this leads to the
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phosphorescence process (b) The material can absorb another photon boosting the

electrons into a state Triple above (T2) after which it can relax back to the (T1) state.

The main difference between (TPA) and (ESA) is that the first includes very
short-lived intermediate virtual states, while in the second they are intermediate real
states where the chronological age is not determined by (Heisenberg's imprecision)
relations, but their lifetimes are determined by the electronic structure of the
molecules in the materials. The (TPA) depend on the intensity (energy per unit time
per unit area) of the incident light while (ESA) processes depend on the fluence
(energy per unit area) of the incident light. The (TPA) depends on the intensity of
the incident light while (ESA) depends on the fluorescence (energy per unit area) of
the incident light [91].

2.3.1.2.3 Saturable Absorption (SA)

Saturated absorption is the process in which the absorption cross-sectional
area of the excited state (20) is less than the cross-sectional area of ground-state
absorption (15). The transmittance of the material will increase with the increase in
the intensity of the laser beam, so the material will absorb light and then become
more transparent so that it reaches the state of saturation (Bleaching). Is not to
mention that it is a third-order nonlinear optical process [85 & 92]. Saturated
absorption is of great importance due to its use in many applications, including those
of the Passive Q-Switching Laser [85 & 93]. In general, when a laser beam passes
through a saturated absorbent medium, the nonlinear absorption of the system can

be expressed by the following relationship [92].
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Where I;: Saturation Intensity.

2.3.1.2.4 Reverse Saturable Absorption (RSA)

Reverse Saturable Absorption (RSA) can be experiential in a method that
absorbs additional in the excited state than in the ground state. If the cross section
for the absorption from the ground and the excited states are in that order (o) and
(02), the material develops more transparent when (o, > o0;) . This is because the
population change between the ground and the excited states reductions when the
system absorbs light, the total absorption rises [94]. These materials are known as
Reverse Saturable Absorbers (RSA) as shown in Fig. (2.5). The simplest electronic
system possessing (RSA) has three vibronecally broadened electronic energy levels.
In contrast to (TPA and RSA) cannot cause an ideal optical limiting (OL), i.e. zero
transmittance at high intensities. The minimum transmittance that can be attained by
RSA mechanismis Trgy = (Tp)?%/°! which revealed by [95] where Ty: is the linear

transmittance.
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.....................

Fig. (2.5): Reverse Saturable Absorption (RSA) schematic energy level diagram [85].

2.3.1.2.5 Free-carrier Absorption (FCA)

One-photon or two-photon exciting in semiconductors can generate carriers.
By absorbing additional photons, the electron/hole pairs can be excited to states
higher/lower in the conduction/valence band. ‘Free-carrier Absorption’ the process
named, and it is similar to ESA in molecular system [96]. There are four possible
processes in a free carrier absorption (FCA) medium, linear absorption (LA), Two-
photon Absorption (TPA), One-photon induced free carrier absorption (FCA) and
Two-photon induced free carriers absorption (FCA). For the simplest case, the
linearly excited One-photon induced free carrier absorption (FCA) in Fig. (2.6) can
be described by the propagation equation in the following form [97]:

dl/dz = — (@ + opcaN)I ... (2.39)
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Where a: is linear absorption coefficient, or-4: The total (electron-hole) cross

section, N: The number of (electron-hole) pairs which is given by:

By the approximation solution for propagation equation, get [95]:

T=T, /[1+ (1-Ty) (FoOrcn/4V)] .......... (2.41)

Where T : Linear transmission. When the fluence of the peak incident increase, the

total transmission (T') decrease resulting an optical limiting effect (OL) [98].
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Fig. (2.6): Free-carrier absorption in semiconductor [97]
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2.3.1.2.6 Light Scattering

The processes of light scattering of the important processes in the field of
photonics. They are of three forms, namely Rayleigh, Raman, and Brillion
Scattering, as shown in Fig. (2.7). Rayleigh scattering is the process by which a
material changes the direction of an incident photon. It includes an elastic interaction
(energy conservation), such that the scattered photon has the same energy as the
incident photon, as shown in Fig. (2.7 a). Rayleigh scattering occurs in gases, liquids,
and solids. It was generated by changing in the medium such as inhomogeneous
random refractive index in the glass causing an attenuation of the intensity of the
light transmitted through it [99]. As for Raman scattering, it is carried out by a
photon of energy hv 1, after interaction with matter, it appears either at a lower
energy (hvy = hv; — hvy) (Stokes-Scattering), or at a higher energy (hv, = hv, +
hvg) (Anti-Stokes Scattering), as shown in Figure (2.7 b and ¢) [100]. Raman
scattering occurs in gases, liquids, and solids. Unlike Rayleigh scattering, Raman
scattering is inelastic in that a change in the photon's frequency is induced by an
energy exchange (hvy) with the rotational and/or vibrational position of the
molecule. In Stokes-Scattering, the photon gives energy to the material system while
the opposite occurs in Anti-Stokes Scattering. Thus, the spectrum of light scattered
from the material generally contains a Rayleigh scattering component [101]. As for
“Brillouin-Scattering”, it is similar to Raman scattering, but the vibrations are

acoustic instead of molecular vibrations as shown in Figure (2.7 d) [102].
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Fig. (2.7): Light scattering, a: Rayleigh-Scattering, b: Raman Stokes-Scattering, c: Raman
Anti-Stokes Scattering, d: Brillouin-Scattering [100]

2.3.2 Measuring Techniques for y® Nonlinearity

For characterizing and determining the applicability of any material as a
nonlinear optical device, the magnitude and response of third-order nonlinear
susceptibility are important parameters. The techniques for measuring these

parameters include [103-106]:

» Z-scan ( For measuring of sign and magnitude of third-order
nonlinearity).

» Degenerate Four Wave Mixing DFWM ( for measuring of both
magnitude and response time of the third-order nonlinearity).

» Third Harmonic Generation (THG) ( for measurement of magnitude of

third-order nonlinearity only).
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» Time-resolved Optical Kerr Effect and Transient Absorption
Techniques (for the study of photon-physical processes determining the
nonlinearity).

» Time Correlated Single Photon Counting (TCSPS) (to measure the
radiative lifetimes) [107].

In this study, the Z-Scan technique used, and we will discuss in details.
2.3.2.1 The Z-Scan technique

The Z-scan technology is certainly a popular and reliable method for
characterizing third- and high-order nonlinear processes. Mansour Sheikh Baha et
al. [70 & 108] described the basic Z-Scan technology in 1989 when the FWM (Four
Wave Mixing) technology was replaced by. It was the main technique used to
describe third-order processes in optical materials. Several updates and
improvements to the original technology have been implemented since 1990 taking
into account the geometric and optical parameters such as the shape of the laser beam

[109].

Using Z-Scan technology to measure and characterize nonlinear optical
materials due to its accuracy and simplicity. This method has become widely used
to study the optical properties of non-linear refractive and non-linear absorption [109
& 110]. Its working principle is that the model is scanned longitudinally through the
focal region of a focused Gaussian beam (TEMyo) [111] where the passage of the
laser beam through a nonlinear medium will change its intensity as the model moves
along the (Z) axis. This is because the model experiences different laser intensities

that depend on the position (Z) relative to the focus (z = 0). The method
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is done by calculating the transmittance through the model as a function of the

position (z) of the model. There are two systems of optical scanning methods, the
first is a closed-aperture system for detecting nonlinear refraction (n;) and an open-
aperture system for detecting nonlinear absorption (B) [110, 112]. Fig. (2.8) shows a

schematic diagram of the Z-scan setup.
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Sourc I
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Fig. (2.8): Diagram of Z-scan setup

Z~Scan Closed Aperture System

When the sample is placed across the focal area of the beam and an aperture
is placed in front of the detector as shown in Fig. (2.8), the detector measures the
intensity that passes through the aperture that is transmitted through the sample. The
intensity of the laser beam falling on the detector will vary due to the Kerr-lens
generated in the material by the intensity of the laser beam [113]. To show how the
transmittance of the Z-Scan as a function of (Z) is related to the nonlinear refraction

of the sample if there is a medium with a negative nonlinear refractive index and a
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thickness smaller than the diffraction length of the focused beam it can be considered

as a thin lens with variable focal length.

At the far field (Z<<0) the beam strength is low and the nonlinear refraction
is negligible. In this case the measured transmittance remains constant (i.e.
independent of Z). As the sample approaches the focus, the intensity of the laser
beam increases, resulting in the formation of self-lens in the sample. A negative
subjective lens before the focus of the beam tends to collect the beam on the aperture
in the far field increasing the transmittance measured after the focus. Out of focus
(Z > 0) again the refraction is slightly nonlinear resulting in transmittance
independent of Z. The maximum transmittance (peak) followed by the minimum
transmittance (bottom) is evidence of a negative value of nonlinear transmittance
(negative refractive index). Whereas the Z-scanning curve (i.e. bottom followed by
a top) characterizes the nonlinear transmittance, (the material has a positive
nonlinear refractive index). Fig. (2.9), shows the nonlinear transmittance represented

by the positive and negative nonlinear refractive index [114].
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Fig. (2.9): Z-scanning technique for positive nonlinear refraction (black line)
and the negative (red line) [115]

The nonlinear refractive index (ny) of the top-to-bottom difference for normal

transmittance is calculated (experimentally) with the following formula[116 & 117]:

Where, I,: Incident light intensity, K = 2 /A (K: Wave number and A: Wave
length of the beam), A@,: Nonlinear phase shift of the top on the axis at focus

when:

AT,

ooy = 0.406 (1 — $)%%° [Ad,| ... ... ......(2.43)

Where, AT,_,: The change in the normal transmittance between the top and the

bottom is equal to: |Tp_Tv| [116 &118].
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2717
S=1- exp( W2“> ......... (2.44)

a

Where, S: Linear transmittance of the aperture, 7,2 : Square of aperture radius and
w2: Square of laser beam radius at the aperture [119]. The effective length of the

sample can be determined by the following relationship [110]:

Where, L: Length of sample. To calculate the intensity at the focus point, it can used

the formula [116]:

2P
= B2 ... (2.46)
T W

Where, P: Power of laser beam, w3: Square of laser beam radius at the focus point.

Z~Scan Open Aperture System

When the sample is placed across the focus area of the beam. The detector
calculates the total window intensity as shown in Fig. (2.8). In this case excluding
the aperture. The optical scan insensitive to nonlinear refraction so by the
transmittance graph against the sample position for such a Z-scan. For the open-
aperture it must be symmetrical about the focus because the distribution of the
Gaussian beam density is symmetrical around the focus. When the nonlinear
absorption is very small it can be neglected due to the low excitation power. So as
in equation (2.37) and (2.38) will be re-examined when the excitation power is

sufficient. To show the nonlinear properties, replace the following:
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a()=a+ Bl ... (2.47)
dAp(r,t,z,L)
- = An(Dk . ... .. (2.48)

Where An: Change in refractive index. Solutions of these differential equations
produce the intensity and phase shift distribution of the laser beam at the sample

output as follows [120]:

[(z,7rt)e L
L (2r,6) = T TR (2.49)
ky
Ap (z,1,t) = 7ln[1 +q (z,7,t)] e . (2.50)

2
Where, q (z,7,t) = Lesr/(1 + Z_Z)' By using these equations (2.49) and (2.50), the
complex electric field at the output of the sample is as follows:

-2
E,=E(z,r,t)e™ 2 (1+q) B 2 . ... (2.51)

When no linear absorption (TPA) occurs, the equation is as follows [121]:
E, = E(z,r,t)e oL/2 gidd (rzt) - (2.52)

The normal optical transmittance (T(z)) can be calculated from [121]:

o _ L Pr(4go@®)dt
@7 s (2 P(tydt

Where Pr: Power transmittance through the aperture. With the aperture removed,

the Z-Scan transmittance becomes insensitive to nonlinear refraction and therefore
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is just a function of nonlinear absorption. Thus, equation (2.49) can be integrated in
the absence of the aperture (S=1) without the need to include the free space scattering

process at (z) with respect to (r), we get the average transmittance of the power:

In[1+ qo(z,t)]

P(z,t) = P () e~ D (2.54)
IoLe
Bo(2) = 20 o (2.55)
1+ 5
Zo

Where, P; (t): Instantaneous input power (inside the sample). From the definition of
(P; (t)) as in equation (2.53), assuming the presence of a Gaussian pulse, equation

(2.54) can be combined with time to give us the natural energy permeability [121]:

o]

] In[1+ qo(z)e™"]dT ........ (2.56)

1
"= R

When (|qo| < 1) the transmittance function can be rewritten more appropriately for
numerical analysis i.e.:

[o¢]

_ N\ [F9@]™
T(Z) = Z m ......... (257)

m=0

Thus once the optical scanning with an open aperture (S = 1) is performed, the
nonlinear absorption coefficient can be deduced unambiguously and with the
knowledge of (B) the Z scanning with the aperture in place (S < 1) can be used to

extract the remaining unknown, i.e. the modulus (y).
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When moving the sample from the region in which the intensity is low (-Z)

from the near field to the other end the far field (+Z) through the focus of the beam

(Z = 0). The intensity of the laser beam is high and sufficient to show nonlinear
properties and as a result of changing the intensity can be one of the two effects is
either saturated absorption (SA) or reverse saturable absorption (RSA). We notice
from Figure (2.10) that when the absorption curve is as high as possible at the
position (Z = 0), the material has a saturated absorption (SA) as shown in Figure
(2.10 a), but when the absorption is minimal in the (Z = 0) region. (Z = 0) The
material has saturated reverse absorption (RSA) as shown in Figure (2.10 b) [70].
The nonlinear absorption coefficients can be easily calculated from the transmittance

curves [113]:
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Fig. (2.10): The scanning technique on the open aperture Z-Scan, a: saturated absorption

(SA) and b: reverse saturable absorption (RSA) [119]
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2.4 Optical Limiting (OL) Concepts

The ideal optical limiter (OL), the transmittance begins to change in a linear
with the transmitted power through it. Then the transmittance changes suddenly at
an intensity of a certain value known as the critical intensity or the threshold limit,
as the optical limiter shows at those critical areas or the threshold its independence

on the intensity and fixed the transmittance intensity for a limit and definite amount

despite the increased intensity. Fig. (2.11) Illustrates this.

O O O Laser Spot

| | | | | Laser Beam

Linear |, Limiting Regime Damage Regime

I

Regime

E.|

Output Energy

Input Energy

Fig. (2.11): The behavior of an ideal optical limiter schematic [12]

If the severity of the limiter fixed at a certain amount is less than the intensity
causing its damage, then the limiter is an important protective device. The limiting
threshold of the material is defined as the input intensity/fluence passing through

the material, which leads to reduce the transmittance through the material to 50% of
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its linear transmittance [12]. “Clamping threshold” of the material is defined, as the
point at which the transmittance begins to remain constant to the input
intensity/fluence passing through the optical limiter. The optical limiter can work
for a certain range, which may be wide for the input intensity/energy values passing
through it, but for a certain limit the limiter may collapse. Therefore, a suitable
optical limiter need to be selected for the intensity to be limited. The value of the
input intensity/energy that causes damage is known, the damage threshold. The ratio
between the damage threshold and the limiting threshold of the optical limiter is
called its dynamic range [12]. A good optical limiter has the following

characteristics [123]:

1- Large dynamic range and low limiting threshold.
2- Sensitive response to broadband.
3- Fast response time.

4- High linear transmittance, ease of carrying, resistance to breakage, and resistance

to atmospheric influences.
The processes that lead to optical limiting are:

I- Nonlinear refraction effecting (self- focusing, self-defocusing, induced
aberration, induced scattering, induced refraction, etc.) [123].

2- Nonlinear absorption {(ESA), (RSA), (FCA), (TPA) and (MPA)}. The
mechanism, which leads to optical limiting, classified in to two mechanisms.
First is energy spreading, second, is energy absorption [123]. The block

diagram in Fig. (2.12) illustrates this mechanism.
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Fig. (2.12): The mechanisms responsible for optical limiting (OL) [123]
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2.4.1 Energy Absorption Type of Optical Limiter

Nonlinear absorption is one of the mechanisms that plays an important role in
optical limiting. The optical limiting is based on the fact that the transmittance of the
nonlinear medium decreases with the increase in the intensity of the laser entering
the medium. At high intensities to cause nonlinear changes, the probability of the
substance being absorbed by one of the nonlinear absorption methods mentioned in
paragraph (2.3.1.2) will increase. An optical limiting device that works by a

mechanism based on nonlinear absorption is called an energy-absorption type.
2.4.2 Energy Spreading Type of Optical Limiter

The process of placing a hole or aperture in front of the detector directed
towards the laser is considered the key to the process of energy spreading. The
process of limiting the exposed laser beam is based on the change in the spatial
distribution of the energy of the transmitted beam. The large refraction of the
incident laser beam will propagate in a solid angle range when the intensity/fluence
of the entering laser increases due to passing through the hole or aperture. The
diameter of the hole or aperture has a significant impact on this process. It can be
said that the optical limiter here will not depend on the intensity of the incident laser
rays only, but on the diameter of the hole or aperture and on the geometrical
configuration of the system. For most materials that work with the principle of
energy spreading, the principle of heat inducing a change in the refractive index is
the main actor. Fig. (2.13) shows the effects that work in materials that work on the

principle of energy spreading.
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Fig. (2.13): Optical limiter of energy spreading type [85]

In Fig. (2.13 a and b), the detected energy will be greatly reduced due to its
diffusion through the hole. Fig. (2.13 ¢) indicates the diffraction of the light where

the induction of a variable refractive index occurs as a function of the local distri-
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bution of the intensity of the laser beam within the nonlinear medium passing

through it. Because of the non-uniform local change, random refractive indexes will
be produced at high intensity sites that lead to aberration [85 & 95]. Fig. (2.13 d and
e) shows, an optical limiting based on the fact that, high laser intensity induces
scattering and refraction. In the case of inducing scattering, the limiting medium is
a random distribution system of linear absorption particles in a transparent host that
changes by a principle arising from negligible light absorption. Therefore, at high
intensity, the absorption induces heat of the center and the medium becomes very
heterogeneous, leading to the small part of the energy passing through the hole and
the spreading of the greater part of it to a wider spatial scale [124].

In the case of refraction induction, the medium is composed of two
microscopic components with the same refractive index static but different in phase
(a mixture of liquid and solid). If one of these components is transparent and the
other absorbs the incident laser beam, the selective heating is able to make the system

heterogeneous at the boundaries between the two components [107].

All these mechanisms lead to a slow temporal response, but the change of
refractive index caused by the thermal optical effect is important for the optical limit.
The impurities or particles in this case, even if they cause only a small linear
absorption and a non-resonant absorption, but this small absorption is sufficient to
cause thermal changes that induce a refractive index at the high intensity of the input
laser. Even at not high intensities of the input laser, the inductance of a variable

refractive index is important for a medium with linear and resonant absorption.
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3.1 Introduction

In this chapter, provide a complete description of the sample preparation
process and the steps for measuring linear, morphological and nonlinear optical
properties of them. Review the devices used in the examination. A description of the
setup of the experiments that were used in the preparation or that were used to

examine the nonlinear properties of the oil-scan system.

3.2 Outline of the Experimental Part

The block diagram in Fig. (3.1) illustrates the steps that will be emphasized in
our experimental work to produce optical determinants. It includes the process of
obtaining the nanomaterials that were used in this work and then the process of
preparing samples for the Nano suspensions, then the linear optical properties,
morphological and the nonlinear optical properties of these suspensions are
measured and examined. Where this diagram will help to understand the work steps
that were followed in this thesis, starting from preparing the materials to the last

examination of the samples to obtain the results by tracing its steps.
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Fig. (3.1) Flow chart of the experimental part in this project
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3.3 Providing nanomaterials

The nanomaterials used in this project were purchased from the German
company (PlasmaChem) in the form of glass containers for the materials. The
materials were in the form of powders, except for iron oxide (Fe,Os), which was
prepared in the form of an aqueous suspension, and all of these materials were

hydrophilic except for gold, which was hydrophobic. The materials are:

1- Spherical gold nanoparticles (Au NPs) of three sizes (2, 4 and 6) nm then became
(4, 6 and 8) nm. They were named as (Aul, Au2 and Au3) respectively.

2- Spherical silver nanoparticles (Ag NPs) with a size of (6-7) nm, then became (70)

nm.

3- Silver nanowires (Ag NWs) of three different diameters (50, 100 and 200) nm and
have the same length, (5 < length < 50) microns. They were named as (Ag
NWs D50, Ag NWs D100 and Ag NWs D200) respectively, where latter (D)

refers to diameter.

4- Spherical copper nanoparticles (Cu NPs). It was supplied in two sizes, the first
(20) nm then became (50) nm and the second (less than 100) nm. They were

named as (Cul and Cu2) respectively.

5- Copper nanowires (Cu NWs) with a diameter of (50) nanometers and a length

greater than 5 microns and less than 50 microns. It was named as (Cu NWs D50).

6- Iron oxide spherical nanoparticles (Fe,O3), a 5% aqueous suspension, with a size
of (8) nm, then became (65) nm with Nano fragments shape. It was named as
(Fe,O3 Nano fragments).
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3.4 Host Liquid (Absolute Ethanol)

It is also called ethyl alcohol, an organic chemical compound with the
chemical formula (C,HeO), a volatile, flammable, colorless liquid with a slight
characteristic odor. Ethanol is naturally produced by fermenting sugars by yeasts or
by petrochemical processes such as hydration of ethylene. It has medicinal
applications as a disinfectant and disinfectant. It is used as a polar chemical solvent
and as used in the synthesis of organic compounds. Ethanol is a versatile solvent,
miscible with water and with many organic solvents [125], the physical properties
of ethanol mainly stem from the presence of its hydroxyl group and the shortness of
its carbon chain. The hydroxyl group in ethanol can participate in hydrogen bonds,
making it more viscous and less volatile than less polar organic compounds of
similar molecular weight, such as propane. Since ethanol also has a low boiling
point, it is easy to remove from the solution that was used to dissolve other
compounds [126], it can also participate in hydrogen bonds because it has O-H

bonds, as in Table (3.1).

Table (3.1): Specification and molecular structure of ethanol [126]

Polarity Boiling | Molecular | Molecular
Molecular structure of Bipolar
(Dielectric Degree Density Weight

Constant) C’ gm/cm? gm/mol

ethanol Moment

A
H—(|3—(|3—O 1.65 25 80 0.78945 |  46.07
H H
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3.5 Preparation of Samples

The first step: From each material and for each size according to the materials
and their sizes mentioned in paragraph (3.4), the following weights (0.4, 0.8 and 1.2)
mg were weighed by a sensitive electronic scale with four digits after the comma.

Each of these weights was placed in a glass bottle marked with its name and weight.

Second step: (10) ml of absolute ethanol was added to each glass bottle. Thus,
the concentration of the packages according to the weights becomes (0.04, 0.08 and

0.12) mg/ml.

The third step: A (125 W) sonication probe device (UP-VCX130PB) mixed

the contents of each package.

Thus, we have (33) samples, each size of samples have three concentrations,

distributed as follows:
1- (Au NPs) Nine samples. three concentrations for each size (Aul, Au2 and Au3).
2- (Ag NPs) Three samples.

3- (Ag NWs) Nine samples. Three concentrations for each size (Ag NWs D50, Ag
NWs D100 and Ag NWs D200).

4- (Cu NPs) Six samples. Three concentrations for each size (Cul and Cu2).
5- (Cu NWs D50) Three samples.

6- (Fe;O3 Nano fragments) Three samples. A procedure preceded the process of
preparing iron oxide samples in the aforementioned method, where this material was
received in the form of an aqueous suspension. To get rid of the water, a sample of

this aqueous suspension was taken and dried at room temperature. The drying
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resulted in a chips of iron oxide. The required weight was taken from this chips and

placed in absolute ethanol and using the ultrasonic probe to prepared the three weight

ratios of samples. Fig. (3.2) illustrate the steps of preparation of samples.

e
4
wE wy _
e =\ &
e /) ) =
First Step Second Step Third Step

Fig. (3.2): Illustration the steps of preparation of samples
3.6 Preparation of Mixtures Samples

Through the scientific literature on the topic of nanomaterials, the follower of
them finds that the methods followed for the synthesis of two nanomaterials are
mostly chemical or using the pulsed laser ablation method to form core-shell
structures [127]. Since the composite of a nanomaterial with another or decorating
and coating a nanomaterial with another produces a composition that differs in its
physical and optical properties from the original nanomaterials [128]. In order to
obtain structures that improve the performance of the optical-limiting compared to
a single material and the synthesis of its different working mechanisms, led us to
think about making mixtures of some the materials we prepared. The mixing process
was done by two simple physical methods showed important results that may lead

to a new line in the matter of superimposing or decorating nanomaterials.
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3.6.1 Preparation of (Cu2+Ag NWs D200) and (Ag NPs + Cu NWs D50)

In this mixture, one volume of concentration (0.12) mg/ml of (Cu2) was taken
and added to one volume (1:1) at the same concentration of (Ag NWs D200) and
mixed using an ultrasound probe with a power of (15) watts for a period of twenty
minutes with placing the mixing vial in a beaker of groats. ice for cooling. The same
method was followed with the second mixture, for the same volumes and

concentrations

3.6.2 Preparation of (Ag NPs + Fe;O3; Nano fragments) and (Cul+Fe2O3 Nano

fragments)

In this mixture, one volume of concentration (0.12) mg/ml of (Ag NPs) was
taken and added to three volume (1:3) at the same concentration of (Fe;O3 Nano
fragments). The mixing process was carried out using two methods. First one by
using an ultrasound probe with a power of (15) watts for a period of thirty minutes
with placing the mixing vial in a beaker of groats ice for cooling. The second method
is by using pulse laser (Nd:YAG Pulses Laser (SHG) (532) nm with (100) pulses,
(300) mJ). The laser beams were shed laterally on the vial of the mixture with a
convex lens (focal length=10) cm to focus the laser beams so that the focus is in the
center of the mixture. A magnet was placed inside it for the purpose of continuous
movement when exposed to laser pulses. The same methods were followed with the
fourth mixture, for the same volumes and concentrations. Fig. (3.3) shows the setup
of the devices for the second method. We summarize the above in the process of

preparing mixtures in Table (3.2).
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Table (3.2): Preparations of mixtures samples

Concentration
Ratios of
of each
Materials of Mixtures volumes Mixing methods
materials
mixing
(mg/ml)
Cu2+Ag NWs D200 1:1 0.12 & 0.12 Sonication Probe
Ag NPs + Cu NWs D50 1:1 0.12 & 0.12 Sonication Probe
Sonication Probe &
Ag NPs + Fe203 Nano fragments 1:3 0.12 & 0.12
Pulse laser
Sonication Probe &
Cul + Fe203 Nano fragments 1:3 0.12 & 0.12

Pulse laser

Nd:YAG Short pulses laser (SHG)

Convex Lens

Sample of Mixture

Magnetic Stirrer

Fig. (3.3): The setup of the devices for the pulsed laser method of preparation of mixtures
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3.7 Linear optical properties Measurements and preparations Samples for

SEM

By using a UV-Vis spectrophotometer device (CECIL 7200 AQUARIUS) as
in Fig (3.4), linear absorbance were measured for all prepared samples and for all
concentrations within the spectral range (190-900) nm in the advance laboratory in
college of science for women in University of Babylon . Each sample loaded with
(1) cm thick quartiz cuvette. The linear absorption coefficient was calculated from
the linear absorbance of each material and at the four wavelengths that were used to
study the nonlinear optical properties of materials, and its values will be included in

the subsequent Tables with the nonlinear refractive index values of the materials.

computer

Fig. (3.4): The UV-Vis spectrophotometer device (CECIL 7200 AQUARIUS)

The linear refractive index of the suspensions of all materials was measured
by using an Abbe-Model (RMT) type refractometer as in the Fig (3.5), and its value
ranged between (1.357) and (1.359) for all samples. The variance in the values of
the linear refractive index of the prepared samples was in the fourth place after the
sorter for the value of the refractive index. This discrepancy was neglected because

it did not affect the accounts, and only three ranks were adopted after the sorter.
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Fig. (3.5): The Abbe-Model (RMT) type refractometer
For examination by scanning electron microscope SEM (FEI Nova NanoSEM

450) as in the Fig (3.6),

§
N
2
:
Q

Fig. (3.6): The scanning electron microscope SEM (FEI Nova NanoSEM 450)

samples were prepared in the department of physics of college of sciences in
University of Basrah. By placing droplets from each sample on a (1) cm? highly

conductive silicon substrate and sending them all for examination to determine the
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morphological properties of the samples and mixtures. SEM images were analyzed

with a computer program version (Image J) (1.8.0).
3.8 Z-scan Measurements

To detect the nonlinear optical transmittance, a Z-Scan system was used, the

parts of which are shown in Fig. (3.7).

Lens 8.5 cm
Beam

Sample Splitter

Lens 5 cm<_> I

M
Aperture
7, p

Detector

Controller

Fig. (3.7) The setup of the Z-scan system

This setup (Z-SCAN-VER-8) is equipped from (MAHFANAVAR) and

consists of:

66



[0)]
‘ CHAPTER 3 ] Experimental Part

1 - (CW) Lasers with different wavelengths.

2 - Different optical attenuators to control the intensity of the laser beam falling on

the sample.

3 - Optical lenses with different focal lengths (5, 8.5 cm). A convex lens with a focal

length of (8.5) cm was used.
4 - Laser beam splitter (50:50) to split the beam between the detectors.

5- Motorized sample holder. The movement of the holder controlled it by controller
and the step between each reader is (0.15) micron. Each sample loaded with (1)

mm thick quartz cuvette.

6 - The first detector is directly beyond the beam bisector and its aperture diameter
is (1) mm to detect nonlinear refraction, and a post-mid beam detector is to detect

nonlinear absorption.

7 - A lens before the nonlinear absorption detector to collect the equilibrated laser

beam on it. A convex lens with a focal length of (5) cm was used.

8 - Connecting wires to transmit signals from the detectors to a (Controller) device,

and then connected to a (USB) wire to a computer.

9 - The controller device contains two ports to connect to the detectors and a
regulator through which we can control increasing or decreasing the sensitivity
and gain of the detectors according to the permeability of the sample.

Before starting work, the sample is placed and dragged before and after the
focus and through it in order to know the amount of beam amplitude due to the non-

linearity of the sample and also to control the increase or decrease of the gain of the

laser so that we can obtain the correct nonlinear transmittance. Each model was

67



[0)]
‘ CHAPTER 33 ] Experimental Part

calibrated with the power of the laser placed on it, so that the lowest power at which

the nonlinear change would occur regularly was chosen.

10- The measurement process was carried out using four semiconductor lasers of
different wavelengths (405, 473, 532 and 650) nm. The lasers used are
characterized by efficiency and high stability. In general, the shape of the laser

beam for these lasers is almost Gaussien.
11- The laser beam diameter for each laser was measured using the beam scanning

method and was determined at the level(eiz).

12- The laser power meter used shown in Fig. (3.8) was used to measure the optical
power of the laser beam passing through the sample with a range (0-40) mW.
From Japanese company (Sanwa) model (mobiken LP1); the power meter device
was supplied. This device works within a wide spectral range (400-110) nm with

a sensitivity that depends on the wavelength.

Fig. (3.8): The power meter device
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3.9 Optical Limiting measurements

Fig. (3.9) shows the setup of the optical limiter system. The laser device, lens,
sample, and power meter are aligned with the sample. A power meter for laser beam
is placed between the lens and the sample and is movable to measure the power of
the laser beam each time it is changed. Two sources of (CW) semiconductor lasers
were used. The first wavelength (405) nm and the second wavelength (532) nm.
Optical-limiting measurement was carried out for all samples at the two indicated
wavelengths. Each time the sample is placed very close to the focus and not
completely in focus, in order to avoid focusing the high intensity on the sample,
which in turn leads to the collapse of the laser beam. Before starting the measurement
with each sample, the position of the power meter is adjusted after the sample to
ensure that the laser beam does not depart from its surroundings. Using attenuators
of different value, they are placed in front of the laser source sequentially. With the
setting of each attenuator, the power entering the sample is measured by a mobile
power meter, and then it is removed to measure the power leaving it. Thus, we have
obtained values for the incoming and outgoing powers of the sample. By sequencing
the steps, we obtain values for the two input and output powers to be represented

graphically to show the behavior of the optical-limiter for each sample.

Attenuator Power Meter

Lens

Sample
o 7
P A
Laser N
Source i i
v

Portable Power
Meter

Fig. (3.9): The optical-limiting setup
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CHAPTER 4 Results, Discussion and Conclusion

4.1 Introduction

This chapter presents all the experimental results for the prepared samples of
the studied materials. The morphology of the samples, the sizes, shapes and the
decoration shapes for mixtures are presented in details. In addition, the results of the
linear optical properties, linear absorption spectrum, and linear absorption
coefficient. Furthermore, this chapter includes a comprehensive discussion about the
third order nonlinear optical properties; include the nonlinear refractive index and

third-order susceptibility and then optical limiter properties.
4.2 Morphological Properties

4.2.1 (Ag) Nanoparticles group

Fig. (4.1): (a) Image of (Image J) program of Ag nanoparticles, (b) size distribution by
(Image J) program and (c) original SEM image.
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The results of scanning electron microscope (SEM) measurements are
presented in Fig. (4.1) and (4.2). The Ag nanoparticles group consist of two shapes.
First, is spherical shape as shown in Fig. (4.1) with size distribution (40-70) nm. It
can be observed that the dominated particles size is about (70) nm. They will be
denoted as Ag NPs. The second shape is set of three nanowires with the same lengths
but different in diameters (Diameters= 50, 100 and 200) nm and the length is about
(5-50) um as shown in Fig. (4.2), they will be denoted by the symbols Ag NWs D50,
Ag NWs D100 and Ag NWs D200 according the diameter respectively.

Fig. (4.2): SEM images of Ag nanowires, a: Ag nanowire with diameter S0 nm and length
(5-50) pm, b: Ag nanowire with diameter 100 nm and length (5-50) um and c: Ag nanowire
with diameter 200 nm and length (5-50) pm.

4.2.2 (Cu) Nanoparticles group

The results of (SEM) images in Figs. (4.3, 4.4 and 4.5) show that the Cu group
consist of two shapes, first one presented in Figs. (4.3 and 4.4) are spherical with
two ranges of size distribution Cul and Cu2. The range size distribution of Cul is
from (40-50) nm with predominate size of (50) nm. The range size distribution of
Cu2 is (65-99) nm and it is clear that predominate size is (90-99) nm. The Second is
Cu nanowire with diameter about (40-50) nm and length of (50) um. They will be
denoted as Cu NWs D50.
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Fig. (4.3): (a) Image of (Image J) program of Cul nanoparticles, (b) size distribution by
(Image J) program and (c¢) original image of SEM.
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Fig. (4.4): (a) Image of (Image J) program of Cu2 nanoparticles, (b) size distribution by
(Image J) program and (c¢) original image of SEM.
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Fig. (4.5): SEM image of Cu nanowires shape with diameter (40-50) nm and length (50)
pm.

4.2.3 Au Nanoparticles group

This group was brought as Au nanoparticles of spherical shape with three sizes
(2,4 and 6) nm, which will be referred to as (Aul, Au2 and Au3) respectively. These
three sizes were suspended in absolute Ethanol as was illustrated in chapter (3). The
images of SEM as in Fig. (4.6) showed that these particles have been agglomerated

and coalesced and become out of Nano scale.

Fig. (4.6): SEM images of Au nanoparticles, a: Aul nanoparticles, b: Au2 nanoparticles

and c: A3 nanoparticles. As primary suspension samples

In order to overcome this situation, the samples prepared in the form of

suspensions each was exposed to hundred laser pulses at (532 nm) with (300 mJ) per
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pulse, as explained previously in Chapter (3). This results, in reversing the

agglomeration action and separates the particles, as shown in Fig. (4.7).

10% 5%

™ 4nm [0 20 nm M 15 nm

Fig. (4.7): (a) SEM image of Aul spherical nanoparticles after pulse laser treatment, (b)

sizes distribution of nanoparticles by (Image J) program.

The SEM image in Figure (4.7) shows that the laser treatment process has
returned the particles to a size very close to the size with which they were prepared.
The size distribution became (85%) of Aul nanoparticles with size (4 nm), (10%) in
size (20 nm) and (5%) with size (15 nm) all of spherical shapes. The dominate size

was (4 nm).

Applying the same methodology to the Au2 and Au3 in the Figs. (4.8 And
4.9). In the Fig. (4.8), the SEM image and its statistical distribution shows that the
spherical nanoparticles size distribution was (90%) with size (6 nm), (5%) at about
(36 nm) and (5%) in scale larger than (50 nm). The dominate nanoparticles size of
the Au2 samples was (6 nm). From Fig. (4.9), the statistical distribution of the
spherical nanoparticles was (88%) with size (8 nm), (6%) with size (11 nm), (3%)
with size (18 nm) and (1%) with sizes (13, 15 and 25) nm. The dominate

nanoparticles size of the Au3 sample is (8 nm).
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Fig. (4.8): (a) SEM image of Au2 spherical nanoparticles after pulse laser treatment, (b)

sizes distribution of nanoparticles by (Image J) program.
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Fig. (4.9): (a) SEM images of Au3 spherical nanoparticles after pulse laser treatment, (b)
sizes distribution of nanoparticles by (Image J) program.
This indicates that dispersing the Au nanoparticles in Ethanol can be achieved
by applying high power ultrasonic waves. This can be performed either by using

direct high power ultrasonic waves or by applying high-energy short laser pulses.

It is worth mentioning that the use of ultrasonic probe with high energies or
exposing to laser pulses is not suitable for nanoparticles of tubular or wire shapes
because it leads to the destruction of their shapes and sizes. Instead, a low power

ultrasonic probe (15 W), is suitable for nanotube and nanowire structures.
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4.2.4 Fe;03 Nano fragments

Fig. (4.10): (a) Image of (Image J) program of of Fe,O3 Nano fragments, (b) sizes
distribution of Nano fragments by (Image J) program and (c) original image of SEM.
The drying process of the aqueous suspension of spherical iron oxide
nanoparticles was explained in chapter (3), led to the deformation of the shapes of
the spherical nanoparticles and forming as fragments with nanoscale as in the image
of SEM in Fig. (4.10). The Nano fragments size distribution became (60%) with size
(65 nm), (20%) with size (97 nm), (15%) with size (50 nm) and (5%) with size (120

nm) with randomly shaped fragments. The predominate fragments size was (65 nm).
4.2.5 Mixtures group

This section include the morphological results of a number of mixtures of

different nanomaterials.

76



[ CHAPTER 4 Results, Discussion and Conclusion

4.2.5.1 Mixture of (Cu2+Ag NW D200) (1:1)

In this sample, two equal volumes (1:1) of Cu2 and Ag NWs D200 suspension
were mixed (each of them with (0.12 mg/ml) concentration) by using ultrasonic
probe with power (15 W). The images of SEM in Fig. (4.11) show the adhesion of
Cu2 nanoparticles (90-99) nm on the Ag NWs D200. The images in Fig. (4.11) show
clear adhesions between Cu2 and Ag NWs D200. The percentage of the number of
Cu2 in the suspension is much more than the percentage of the number of Ag NWs
D200 in it, because of the different sizes and their equal concentration. This issue
enhances the bounding condition not to mention the adhesion of the copper
nanoparticles with the silver nanowires. The adhesion between them is due to the

presence of unsaturated dangling bonds [129].

Fig. (4.11): SEM image of Cu2+Ag NW shows the adhesion between Cu2 spherical
nanoparticles and Ag NWs D200

4.2.5.2 Mixture of (Ag NPs + Cu NWs D50) (1:1)

In this sample, spherical Ag NPs were mixed with Cu NWs D50. The images
of SEM in Fig. (4.12) show the adhesions between these two types of nanoparticles.
It appears that the adhesion of spherical Ag NPs to the Cu NWs is more
homogeneous than that of the spherical Cu2 to the Ag NWs D200 when compared
with the Fig. (4.11). This homogeneity is attributed to the surface energy of the
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nanoparticle, where the smaller the particles, the higher the surface energy for them.
In addition to their crystal growth orientation, affects the dangling bonds. In this
case, the particle size of Ag NPs is smaller than Cu2 therefore the surface energy is

greater.

Fig. (4.12): SEM image of Ag NPs + Cu NWs D50 shows the adhesion between spherical Ag
NPs and Cu NWs D50

4.2.5.3 Mixture of spherical (Ag NPs + Fe>O3 Nano fragments) (1:3)

In this mixture, two mixing methods were used. In the first, one volume of
(0.12 mg/ml) concentration of spherical Ag NPs was mixed with three volumes of
concentration (0.12 mg/ml) too of Fe;O; Nano fragments using an ultrasound probe
with a power of 15W. As for the second method of mixing with the same quantities,
it was using a pulsed laser with a wavelength of (532 nm) with a pulse energy of
(300 mJ) and a number of 100 pulses, as detailed in Chapter (3).

Fig. (4.13): SEM image of spherical Ag NPs + Fe;O3 Nano fragments, (a): mixing by
ultrasonic probe, (b): mixing by pulse laser
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In the Fig. (4.13), the SEM of (a) image indicates the adhesion of spherical
Ag NPs to the Fe203 Nano fragments by the mixing effect with the ultrasonic probe.
In (b), the laser effect appears clear by changing the shape of the iron oxide
fragments to be in a granular or needle-shaped form and the adhesion is clearly too.

Not to mention the change in the color of the suspension as it appeared in Chapter
3).
4.2.5.4 Mixture of spherical (Cul + Fe;O3; Nano fragments) (1:3)

The Cul and the Fe203 Nano fragments of (0.12) mg/ml were mixed by the

following the same methods followed in section (4.2.5.3).

Fig. (4.14): SEM image of spherical Cul + Fe;O3 Nano fragments, (a): mixing by ultrasonic
probe, (b): mixing by pulse laser

In Fig. (4.14), the SEM of (a) image shows the adhesion of spherical Cul to

the Fe203 Nano fragments when mixed with the ultrasonic probe. In frame (b), the

adhesion is clearly too and the laser effect appears clear by changing the shape of

the iron oxide fragments to be in a granular or needle-shaped form, not to mention

the change in the color of the suspension as it appeared in Chapter (3).
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4.3 Linear Optical Properties

The absorption spectrum depends on the shape, size, concentrations and
number of nanoparticles per volume. The linear absorption spectrum of each of the
studied groups will be viewed according to the concentrations that have been

prepared. All graphs and the effect of concentration and shape change on linear

absorbance will be discussed.
4.3.1 Linear optical properties for (Ag) nanoparticles group

Based on what was referred to in paragraph (4.2.1), this group consists of two
shapes; first, one is spherical Ag NPs and second is Ag NWs. Fig. (4.15) shows three
broad linear absorption spectra of three concentrations of Ag NPs (0.04, 0.08 and

0.12) mg/ml. It can be said that it almost covers the entire visible region of the

spectrum.

03 —— Ag NPs 0.04
mg/ml
——Ag NPs 0.08
T 02 mg/ml
& —— Ag NPs 0.12
2 mg/ml
(]
£
2 01
=
<
0

350 450 550 650 750 850

wave length (nm)

Fig. (4.15): UV- visible absorption spectra of spherical Ag NPs of three different
concentrations
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It was found that the peak absorption of surface plasmon resonance (SPR) of Ag
NPs spanning the large part of visible region. The average value of A\ was about
(238) nm. It is clearly that the absorbance increases with the increase of
concentrations. The increase of concentration means, the number of particles per
unit volume was increased, therefore the absorption has been increased. The Amax
(the position of the peak of curve) is slightly shifted towards the blue region with the
increasing of concentrations. Amax values are (448, 443 and 432) nm respectively. It
1s known that A increases with decreasing nanoparticle size. In our case, we
consider the size of the nanoparticles to be constant even if the concentrations
change, but the probability of the presence of small nanoparticles in the larger
concentration is more than in the lower concentrations, which may cause this shift

of the blue region and this is consistent with the results in [130].

Fig. (4.16 a, b and c¢) Show the absorption spectra of three sizes of Ag NWs
with three concentrations of each size (0.04, 0.08 and 0.12) mg/ml. Each spectrum
exhibits two peaks. These two peaks correspond to the transvers and longitudinal
plasmon bands. The transvers plasmon band is caused by diameter of Ag NWs, while
the longitudinal is attributed to the absorption over the lengths of Ag NWs. Fig. (4.16
a) shows that the A n.x of each concentration is approximately at (400) nm and
average AL is about (324) nm. Fig. (4.16 b) also shows that the A .« for each
concentrations is at (380) nm and AA is about (137) nm, while in Fig. (4.16 ¢) the
Amax at (420) nm and AL 1s about (329) nm. From observing the three graphs in Fig.
(4.16), we find that the absorbance decreases with the increase in the diameter of the

Ag NWs, and [131 & 132] confirmed this.
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Fig (4.16): UV- visible absorption spectra of Ag NWs with three concentrations, (a): Ag
NW D50, (b): Ag NW D100, (c): Ag NW D200

4.3.2 Linear optical properties of (Cu) nanoparticles group

As indicated in the paragraph (4.2.2), this group includes two shapes of (Cu)
nanoscales, the first one is spherical Cu NPs (Cul and Cu2) with two sizes, and the
second is Cu NWs with one size (Cu NWs D50). The results of the linear optical
absorption measurement of the three concentrations are presented in Fig. (4.17)

below.
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Fig (4.17): UV- visible absorption spectra of Cu nanoparticles group with three
concentrations, (a): Cul, (b): Cu2 and (c¢) Cu NWs D50

Fig. (4.17 a) shows three curves of the linear absorption spectrum of three
concentrations of Cul suspension in absolute Ethanol. It is clear that the shape of
the absorption spectrum appears flat over the whole visible region of the spectrum.
With increasing concentration, the absorbance increases with the possibility of the
appearance of an absorption peak at the wavelength of (510) nm. Fig. (4.17 b) also
shows three linear absorption spectrum curves for Cu2 at the same three
concentrations. It is very clear that the amount of linear absorbance increases with
increasing concentration. The absorption spectra in this figure appear differently as

compared to the spectra shown in the previous figure (4.17a), although the difference

between them is only in the particle size. It can be seen that at the wavelength of

83



[ CHAPTER 4 Results, Discussion and Conclusion

about (570) nm, which is very close to the SPR peak [133], the linear absorbance
values start to increase. The absorption peak can be recorded at the wavelength (630)
nm. It is clear that the absorption curve of Cul and Cu2 is broad due to the scale of

size distribution [134].

Fig. (4.17 c) shows three curves of absorption spectrum for Cu NWs
suspended in absolute ethanol of three concentrations. The absorbance increases
with increasing the concentration and the absorption curves appear broad. From
observing the absorption spectrum curves of Cu NWs we find, that it is possible to
identify two regions for increasing absorption. The first absorption region at a
wavelength of about (570) nm, where the absorption begins to increase to be its
highest value at a wavelength of about (660) nm, then the absorption peak of the
second region appears at the wavelength of about (700) nm. The appearance of these
two absorption regions is attributed to the effect of the length and diameter of the
nanowire. The second region influence by length and the first region by diameter
and this supported by [135]. The absorption spectrum of copper nanowires shows a
broad region, which is attributed to excitation of surface plasmon resonance (SPR)

or interband transitions and this also supported by [136].
4.3.3 Linear optical properties for (Au) nanoparticles group

Fig. (4.18) shows surface plasmon absorption of three schematics of the linear
absorption spectrum curves of three sizes of spherical Au nanoparticles and each of
three concentrations. It is clear that the absorbance increases with increasing

concentration.
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Fig (4.18): UV- visible absorption spectra of Au nanoparticles group with three
concentrations, (a): Aul, (b): Au2 and (c): Au3

Fig. (4.18 a) shows the absorbance of spherical Aul Nanoparticles, in which
the predominant size was (4 nm). For the three concentrations (0.04, 0.08 and 0.12)
mg/ml, the absorption peaks A max were (517, 520 and 522) nm and the AL was (50)
nm. Fig. (4.18 b) shows the absorption spectra of three concentrations of spherical
Au2 nanoparticles in which the predominant size was (6 nm). The values of the
absorption peaks A max were (520, 523 and 525) nm and the AA was (35) nm. As for
Fig. (4.18 ¢), it shows the absorption spectrum of three concentrations of spherical

Au3 nanoparticles, in which the predominant size was (8 nm). The values of the

absorption peaks A max were (525, 528 and 530) nm and the AA was range (55) nm.
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The Fig. (4.19) depicts the variation of the peaks absorption A . with the variation
of particle sizes at the same concentration. It appears that as the particle size
decreases, the spectrum shifts towards the blue region. The absorption peaks values

for Aul, Au2 and Au3 were (522, 525 and 530) nm respectively.

Aul 0.12 mg/ml

oz Au2 0.12 mg/ml
) Au3 0.12 mg/ml

0.08

0.04

Absorbance (a.u)

0
400 500 600 700 800

Wave length nm

Fig (4.19): UV- visible absorption spectra and peaks blue shift of Aul, Au2 and Au3
spherical nanoparticles at the same concentration with different sizes

4.3.4 Linear optical properties for (Fe2O3) Nano fragments

Fig. (4.20) shows three linear absorption curves of Fe,O3; Nano fragments, and
it is clear that the absorption increases with increasing concentration. From
observing the curves, we find that the absorption spectrum of this material decreases
with increasing wavelength. It appears that the absorption region starts from the
wavelength (280) nm, i.e. from the ultraviolet region, and decreases in the visible
region of the visible spectrum to be at its lowest at the wavelength (550) nm,

meaning that the absorption is weak in the visible region.
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Fig (4.20): UV- visible absorption spectra of Fe2O3 Nano fragments with three
concentrations

4.3.5 Linear optical properties for Mixtures groups

This section will include a presentation of the linear optical properties results

of a number of mixtures of different nanomaterials that have been prepared.
4.3.5.1 Linear optical properties for mixture of (Cu2+Ag NW D200)

Fig. (4.21) shows the linear absorption of the three samples suspended in
absolute ethanol, Cu2 (0.12 mg/ml), Ag NWs D200 (0.12 mg/ml), and their mixture
with ratio (1:1). The Curve shapes for silver nanowires and copper nanoparticles are
described in the paragraphs (4.3.1) and (4.3.1) respectively. As for the mixture, the
absorption curve appears as lowest state under the curves of the Ag NWs D200 and
Cu2. This reduction is due to the dilution of the concentrations of the two
components in the mixture. The appearance of the spectrum of the mixture in this

way without a distinct new peak indicates that there are no bonds or interference
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levels of energy between the silver nanowires and the copper nanoparticles. The
absorption of the suspension is mainly due to the excitation of (SPR), which is a

specific property of the metallic nature of the particles.

0.5 Cu2 0.12 mg/ml
04 Ag NW D200
0.12 mg/ml
203
8 —— Mixture
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g 02 /\ D200)
=
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<
0
320 520 720

Wave length nm

Fig. (4.21): UV- visible absorption spectra of (0.12 mg/ml) Cu2 (0.12 mg/ml), Ag NWD200
and mixture (Cu2 and Ag NW D200) with volume mixing ratio (1:1) for each component

4.3.5.2 Linear optical properties for mixture of (Ag NPs + Cu NWs D50)

Fig. (4.22) shows the linear absorption of the three samples of suspensions in
absolute ethanol, spherical Ag NPs (0.12 mg/ml), Cu NWs D50 (0.12 mg/ml), and
the mixture at (1:1) mixing ratio. The Curve shapes for silver nanoparticles and
copper nanowires are described in the paragraphs (4.3.1) and (4.3.1) respectively.
As for the mixture, the absorption curve appears as lowest state under the curves of
the Ag NPs and Cu NWs D50. This reduction is due to the dilution of the
concentrations of the two components in the mixture. The linear absorption of this

mixture appears as a union between the two absorption spectra of the two mixed
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materials before mixing. It is a clear that the absorption peak A . due to Ag NPs
with an absorption peak at (422 nm), then it goes flat to the region of the near IR
Spectrum to appear as the absorption spectrum of Cu NWs D50, with a slight shift
towards the blue region. These shifts in the spectrum, which were clear in its first
part, about (26 nm) towards the blue region, may be due to the adhesions between
Ag NPs and Cu NWs D50, which in turn changed the surface area of the particles.

The absorption of the suspension is mainly due to the excitation of Surface Plasmon

Resonance (SPR).

0.4 —— Ag NPs (0.12 mg/ml)+Cu
NW (0.12 mg/ml) 1:1
03 Cu NW 0.12 mg/ml

0.2 ——Ag NPs 0.12 mg/ml

350 550 750 950
wave length (nm)

Absorbance (a.u)

Fig (4.22): UV- visible absorption spectra of the mixture Ag NPs (0.12 mg/ml) + Cu NW
D50 (0.12 mg/ml) (1:1) and both before mixing

4.3.5.3 Linear optical properties mixture of spherical (Ag NPs + Fe:0;
Nano fragments) (1:3)

Fig. (4.23) shows four curves of the linear absorption spectra, two curves for
Ag NPs and Fe,O3 Nano fragments with two mixing methods and two curves for the
individual components. The curve in green color represents the linear absorption

spectrum of Fe,O; Nano fragments suspended in absolute ethanol at concentration
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(0.12 mg/ml), which shows that its absorbance is limited at AA about (125 nm) with
a steep slope. The curve in purple represents the linear absorption spectrum of
spherical Ag NPS, which has its A ,.x at wavelength (448 nm). The curve in blue
shows the linear Absorbance of the mixture consisting of one volume of spherical
Ag NPs (0.12 mg/ml) with three volumes of Fe,O3 Nano fragments at (0.12 mg/ml).
The mixing process was carried out by using a pulse laser as explained in Chapter
(3). The curve in orange color represents the linear absorption spectrum of the same

mixture above, but the mixing process was carried out by using an ultrasonic probe.

Ag NPs+Fe203
04 Nano fragments
with LP

Ag NPs+Fe203
Nano fragments
with sonication

0.2 ——Ag NPs (0.12
mg/ml)

Absorbance (a.u)

——Fe203 Nano
fragments (0.12
mg/ml)

350 550 750 950
Wave length( nm)

Fig (4.23): UV- visible absorption spectra of the mixture Ag NPs (0.12 mg/ml) + Fe;O3
Nano fragments (0.12 mg/ml) (1:3) and both before mixing

The two curves of the two mixtures show a new shape of the absorption
spectrum which may idicate the formation of the core-shell. This result is consistent
with the result obtained in the reference [137], which indicates the formation of the
core-shell structure using the sol-gel method. The formation of the core-shell

structure may be more pronounced in the curve of the mixture that has been treated
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with laser, which can be attributed to the high energy of the laser. The two curves
show the disappearance of the absorption spectrum of spherical Ag NPs and the
appearance of convexity in the region between wavelength (396 nm) and wavelength
(443 nm). When compared with the Fe;O3; Nano fragments curve alone. In addition
to the increase in exposing the absorption area to be at a rate of AA (200 nm). This
indicates that the iron oxide absorption area is exposed due to mixing and the

formation of a new structure.

4.3.5.4 Linear optical properties mixture of spherical (Cul + Fe;O3; Nano

fragments) (1:3)

Fig. (4.24) shows four curves of the linear absorption spectrum, marked with

different colors.
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§ with sonication
T 02
A Cul (0.12 mg/ml)
<
0.1 ¥
0 Fe203 Nano
350 450 550 650 750 fragments (0.12
mg/ml)

Wave length (nm)

Fig (4.24): UV- visible absorption spectra of the mixture Cul (0.12 mg/ml) + Fe2O3; Nano
fragments (0.12 mg/ml) (1:3) and both before mixing

The curve in green color represents the linear absorption spectrum of Fe,O; Nano

fragments suspended in absolute ethanol at concentration of (0.12 mg/ml). Which
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shows that its absorbance is limited at AA about (125 nm) with a steep slope. The
flat curve in purple represents the linear absorption spectrum of spherical Cul. The
curve in orange represents the linear absorption spectrum of the mixture consisting
of one volume of spherical Cul (0.12 mg/ml) with three volumes of Fe,Os; Nano
fragments (0.12 mg/ml). The mixing process of this sample was carried out by using
an ultrasonic probe. The curve in blue shows the linear absorbance of the same
mixture above, but the mixing process was carried out by using a pulse laser as

explained in Chapter (3).

The linear absorption spectra of the two mixtures in Fig. (4.24) show different
shapes than the linear absorption curves of the materials that make up them. This
may be due to the adhesions between the particles of the two materials that is caused
by the ultrasound and laser energy. This may have formed a core-shell structure. As
in the silver nanoparticles in the previous mixture, especially that the amount of
Fe,Os; Nano fragments is three times greater than the amount of spherical Cul
nanoparticles because the mixing ratio was (1:3). The curves of the two mixtures
shows an exposure to the absorption region for Fe,Os; Nano fragments absorption,
where AL became about (250 nm) tow times greater than AA for Fe,O; Nano
fragments. This indicate that the mixing Cu with Fe,Os can lead to raise the overall

absorbance of the sample in comparison with that of the Fe,Os fragments alone.
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4.4 Nonlinear Optical Properties

This section determined and discussed the empirical results for the nonlinear
optical properties of all the preparation samples. These results include nonlinear
refractive index and nonlinear third order susceptibility at four wave lengths (405,
473, 532 and 650) nm and three concentrations for each sample by Z-scan

technology.

The appropriate value of the power has been determined depending on the
nonlinear response of the suspension at the specific wavelength. In other words, low
power has been used when the nonlinear response is relatively high and vice versa.
This insures that no ultrahigh intensity effects happen rather than the third order
effects e.g. beam collapse, beam filamentation, and some other phenomena that
happen in nonlocal nonlinear material. The open aperture nonlinear characterization
indicates not nonlinear absorption for all the materials suspensions included in this
study at all the wavelengths used within the conditions of the present study. The
closed aperture nonlinear characterization indicates that all suspensions for all
materials have a negative refractive index at all the wavelengths used. The results
showed that the nonlinear refractive index of these materials is of thermal origin.
The nonlinear investigation has shown that all suspensions have a defocusing
nonlinear refraction in absolute ethanol over the visible region. The real part of the
third-order nonlinear optical susceptibility (Rey *) was calculated and the imaginary

part was not calculated because there is no nonlinear absorption coefficient.
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4.4.1 Nonlinear optical properties for (Ag) nanoparticles group

We mentioned above that this group consists of two shapes, the first one is
spherical silver nanoparticles and the second is silver nanowires with three different

diameters.
4.4.1.1 Nonlinear optical properties for spherical Ag NPs

Fig. (4.25) shows the normalized transmittance of Z-scan measurements as a
function of distance from the focus of Gaussian beam. A close-aperture curves for
spherical Ag NPs at three concentrations with four wavelengths. Form the Fig (4.25
a, b, c and d), it is evident that all the samples have negative refractive indices at all
the wavelengths. The asymmetry at the ends of the nonlinear refractive index curves

in the above figure May be due to nonlinear scattering [138].

Ag NPs (0.04 mg/ml) at
(405 nm)

Ag NPs (0.04 mg/ml ) at
(473 nm)

AgNPs (0.08 mg/ml) at
(405 nm)

Ag NPs (0.08 mg/ml) at
(473 nm)

Ag NPs (0.12 mg/ml) at
(473 nm)

Ag NPs (0.12 mg/ml) at
(405 nm)

Normalized Transmition
Normalized Transmition

-50 -30 -10 10 30 50 -50 30 50
Z (mm)
Ag NPs (0.04 mg/ml) at

= 3 Ag NPs (0.04 mg/ml) at = £
£ ¢ (532 nm) £ d (650 nm)
g Ag NPs (0.08 mg/ml) at g Ag NPs (0.08 mg/ml) at
g (532 nm) g (650 nm)

H
g Ag NPs (0.12 mg/ml) at - Ag NPs (0.12 mg/ml) at
S (532 nm) 8 (650 nm)
: >
z z

-50 -30 -10 10 30 50 50 30 10 10 0 <0
Z (mm) Z (mm)

Fig (4.25): Z-scan closed aperture curves for spherical Ag NPs suspension in three
concentrations ((0.04, 0.08 and 0.12) mg/ml). with excitation wavelength (a) 405 nm, (b) 473
nm, (¢) 532 nm and (d) 650 nm and powers of (2, 4.8, 11 and 13.8) respectively
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The numerical values of the refractive indices (nz) and the real part of the third-order
nonlinear optical susceptibility (Rey ) are listed in Table (4.1). The values of n,
have been calculated by using equations (2.42). (Rey, ) values have been calculated
by using equation (2.25).

Table (4.1): The values of n2 and Rex(?')at the different concentrations and wavelength for
spherical Ag NPs

Ag NPs Wavelength (405 nm), power (2 mW) and intensity (13.49 MW/m?)

q ] Linear Nonlinear -
i tibilit
Cm(lrcl::n/trll':;;:lon Llnsgriall::or[()::lgl)l refractive Refractive index SII;SCE([;)lbl y
g coetlicient o index n, -n; (m*W) ey~ (esu)
0.04 38.37112743 1.357 2.47681x 0! 1.1563x10
0.08 49.40364893 1.357 3.31870x 0! 1.5494x1075
0.12 64.4653457 1.357 4.31252x 0! 2.0134x10°°
Ag NPs Wavelength (473 nm), power (4.8 mW) and intensity (4.98 MW/m?)
q ] Linear Nonlinear .
i tibilit
Cm(l::n/t;:;)tmn Lm:iz}r.ab:or[()tlf)ln refractive Refractive index S;;sceg)lbl ity
g coefficient o (m™) index n, -, (mY/W) ey’ (esu)
0.04 40.23356353 1.357 8.2361x10™ 3.8452x10°°
0.08 50.7224235 1.357 8.5735x10™ 4.0027x105
0.12 65.97580663 1.357 1.2371x10"° 5.7757x10°°
Ag NPs Wavelength (532 nm), power (11 mW) and intensity (5.79 MW/m?)
. q 7 Linear Nonlinear LT
COI(I:![:%II;;II':;;ZIOH me:.al: al::SOI'ptl()-:l refractive Refractive index S;;scegglblllty
g coefficient o (m™) Ty -n; (m¥W) ey’ (esu)
0.04 36.2777772 1.357 6.19672x10!! 2.89x105
0.08 44.67896767 1.357 9.13483x10™! 4.26x10°
0.12 57.98462693 1.357 9.54751x10"1 4.46x10°5
Ag NPs Wavelength (650 nm), power (13.8 mW) and intensity (13.51 MW/m?)
q ] Linear Nonlinear -
i tibilit
Co?;frl/t;:;)tmn Lm:iz_lr‘absorptlf)ln refractive Refractive index S;sceg)lbl ity
g coefficient o (m™) G, -, (W) ey "’ (esu)
0.04 24.29035513 1.357 1.9772x101! 5.59x10¢
0.08 30.2994195 1.357 2.0099x10! 9.38x10¢
0.12 39.55786333 1.357 2.25072x10"1 1.05x10
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From the data in Table (1), it is clear that, at the same wavelength, the linear
absorption coefficients (o), nonlinear refractive index (n,) and third-order nonlinear
optical susceptibility (Rey ) increases with increasing the concentration of the
sample. The largest absolute value of the nonlinear refractive index and the real part
of the third-order nonlinear optical susceptibility (Rey ¥) are at (473 nm) this is
because the (473) nm wavelength is within the peak of the absorption band of Ag
NPs. The value of the nonlinear refractive index starts decreasing with the increase
of the wavelength due to the decreasing linear absorbance. Due to the (SPR) of Ag
NPs suspensions, the energy of light is absorbed efficiently and then transfered to
ethanol via non-irradiative relaxation processes. This increases the local temperature
in ethanol. The temperature gradient filed results in a change in the local refractive
index because the local refractive index decreases with the increase of temperature
for most liquids such as ethanol. The large values of the nonlinear refractive index
at the short wavelength may be attributed to the higher energy of these photons
relative to the other wavelengths. The higher energy photons can excite the samples
to higher energy levels. This means more non-radiative relaxation processes, hence

higher temperature, which results in a higher associated nonlinearity.
4.4.1.2 Nonlinear optical properties for Ag NWs D50

The Fig. (4.26) shows the Z-scan closed aperture curves of the suspension of
Ag NWs D50. Fig. (4.26 a) shows the nonlinear change of three concentrations at
the wavelength of (405 nm) with (2.2 mW) power of the laser beam used. It shows
the increase of the nonlinear change with the increasing concentrations. The same is
true for Fig. (4.26 b, ¢ and d) at wavelengths (473, 532 and 650) nm with powers
(8.7, 15.6 and 13.6) mW respectively.

96



CHAPTER 4 Results, Discussion and Conclusion
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Fig (4.26): Z-scan closed aperture curves for Ag NWs D50 suspension in three
concentrations ((0.04, 0.08 and 0.12) mg/ml), with excitation wavelength (a) 405 nm, (b)
473 nm, (c¢) 532 nm, and (d) 650 nm and powers of (2.2, 8.7, 15.8, and 13.8 mW)
respectively.

From the observation of the values listed in Table (4.2), it appears that, the
values of the linear absorption coefficient appear to be are close at all the
wavelengths used. However, this did not prevent the emergence of a significant
variation in the nonlinear changes of the suspension at these wavelengths. The
highest value of the nonlinear refractive index and the third-order nonlinear optical
Susceptibility were for the concentration (0.12 mg/ml) at the wavelength (473 nm),
although this wavelength does not fall within the absorption peak of these nanowires,
but within its broad-spectrum region. The lowest values of the nonlinear refractive

index and the third-order nonlinear optical susceptibility were shown for the
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concentration (0.04 mg/ml) at the wavelength (650 nm). Because this wavelength is
located, at the end of the linear absorption region of the nanowires. The energy of
the photons does not lead to sufficient or large non-radiative (thermal) decays in the

nanowire material.

Table (4.2): The values of n, and Rex(?')at different concentrations and wavelengths for

spherical Ag NWs D50
Ag NWs D50 Wavelength (405 nm), power (2.2 mW) and intensity (14.83 MW/m?)
. q q Linear Nonlinear -
Concentration Llnear.absorptlf)ln refractive index Refractive index Susceg;ublllty
(mg/ml) coefficient o (m™) o -, (mYW) Rey " (esu)
0.04 59.38362267 1.357 6.8765% 1012 3.1204x10%°
0.08 84.97686167 1.357 1.0233x 102 4.7774x10°°
0.12 135.434824 1.357 1.1151x 10! 5.206x10°
Ag NWs D50 Wavelength (473 nm), power (8.7 mW) and intensity (9.03 MW/m?)
Concentration Linear absorption Ln.lear Nonl.lnefu' Susceptibility
(mg/ml) coefficient o (mY) refractive index Refractive index Rey ™ (esu)
n, -n; (m*W) X
0.04 56.248472 1.357 7.5121x 1012 3.51x10¢
0.08 82.25318033 1.357 1.5203x 10" 7.10x10%¢
0.12 126.515305 1.357 3.7838x 10! 1.77x10
Ag NWs D50 Wavelength (532 nm), power (15.6 mW) and intensity (8.21 MW/m?)
. q . Linear Nonlinear .
Concentration Lmear.absorptlf)ln refractive index Refractive index Susce([;?blhty
(mg/ml) coefficient o (m™) o n; (mYW) Reyx ™ (esu)
0.04 52.690337 1.357 8.6013x 102 4.02x10¢
0.08 76.259239 1.357 1.5271x 10" 7.13x10°¢
0.12 117.858328 1.357 1.8241x 10" 8.52x10°¢
Ag NWs D50 Wavelength (650 nm), power (13.6 mW) and intensity (13.32 MW/m?)
Concentration Linear absorption Ln.lear Nonl.mefu' Susceptibility
(mg/ml) coefficient o (mY) refractive index Refractive index Rey®(esu)
n, -n; (m*W) X
0.04 43.816878 1.357 4.6769% 102 2.20x10%¢
0.08 64.17386267 1.357 7.4309% 102 3.49x10°
0.12 97.135934 1.357 1.2535x 10! 5.8910°

4.4.1.3 Nonlinear optical properties for Ag NWs D100

Fig. (4.27) shows the nonlinear change of optical transmittance of Ag NWs

D100 at three different concentrations. The nonlinear change of these samples was
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examined at four wavelengths covering the visible region of the electromagnetic
spectrum as mentioned earlier. Nonlinear investigation showed that the suspension
of Ag NWs D100 has a defocusing nonlinear refraction in ethanol over the visible

region and all the samples have negative refractive indices at all the wavelengths.

Ag NWs D100 b
£ (0%04 mg/ml) at & Ag NWs D100 (0.04
.‘é (405 nm) ‘é mg/ml) at (473 nm)
= gg()l;‘;?]/;?nl]‘)}gt = Ag NWs D100 (0.08
§ (4;)5 nm) E mg/ml) at (473 nm)
g Ag NWs D100 g
z (0.12 mg/ml) at 2 Ag NWs D100 (0.12
(405 nm) mg/ml) at (473 nm)
50 -30 -10 10 30 50 40 20 0 20 40
Z (mm) Z (mm)

£ ¢ 25 AgNWsD 100 (0.04 £ d 2 ﬁ)golj\’"‘l’;zlll;)(; t
‘g mg/ml) at (532 nm) E (650 1
g 2
: £ b Ag NWs D100
= AgNWsD 100 (0.08  E 8 WS
T o mg/ml) at (532 nm) 2 (0.08 mg/ml) at
S & S 1 (650 nm)
F] <
g 1 g k/‘ v Ag NWs D100
2 AgNWsDI100 (0.12 S o 02 ey ot

0.5 mg/ml) at (532 nm) . (650 nm)

-50 -30 -10 10 30 50 -40 20 0 20 40
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Fig (4.27): Z-scan closed aperture curves for Ag NWs D100 suspension in three
concentrations ((0.04, 0.08 and 0.12) mg/ml), with excitation wavelength (a) 405 nm, (b)
473 nm, (c) 532 nm, and (d) 650 nm and powers of (2.2, 8.7, 15.8, and 13.8 mW)
respectively.

Figs. (4.27 a, b, ¢ and d) show that the nonlinear change increases with

increasing concentrations and depends on the wavelength.
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Table (4.3): The values of n2 and Rex(3)at different concentrations and wavelengths for
spherical Ag NWs D100

Ag NWs D100 Wavelength (405 nm), power (2.2 mW) and intensity (13.83 MW/m?)

Linear

Nonlinear

Concentration Linear absorption . . . Susceptibility
il T @ ) r.efractlve Refractive index Rey®(esn)
index n, -n; (m*W) X
0.04 28.4754435 1.357 1.9190x 01! 8.959x10°
0.08 51.56649859 1.357 2.8097x 01! 1.311x10°
0.12 67.00857419 1.357 3.2130x 0! 1.500x105
Ag NWs D100 Wavelength (473 nm), power (8.7 mW) and intensity (9.03 MW/m?)
. . Linear Nonlinear .
Concentration Linear absorption . . . Susceptibilit
(mp/mi) coefficient o, I()m_l) r.efractlve Refractive index Re (p3) (esu)y
index n, -n; (m*W) X
0.04 21.01136932 1.357 4.1619x 0! 1.94x10%
0.08 37.69074447 1.357 4.5936x 0! 2.14x10°°
0.12 48.2888434 1.357 4.8943x 0! 2.29x10°
Ag NWs D100 Wavelength (532 nm), power (15.6 mW) and intensity (8.21 MW/m?)
Concentration Linear.absorptif)ln reLf:‘giiil;/e Reflj :cntlil\?ee;fdex Susce([;;cibility
(mg/ml) coefficient o (m™) index n, -, (m¥YW) Rey " (esu)
0.04 14.90624427 1.357 3.1235x 0! 1.46x10°
0.08 26.79069664 1.357 4.1790% 01! 1.95x10%
0.12 33.72387814 1.357 5.0948x 0! 2.38x10°
Ag NWs D100 Wavelength (650 nm), power (13.6 mW) and intensity (13.32 MW/m?)
Concentration Linear‘absorptif)ln rerl;:':i?il;fe Re flj ;:tlil\?ee;fdex Susce([gibility
(mg/ml) coefficient o (m™) index n, -, (mYW) Rey "’ (esu)
0.04 10.39141748 1.357 1.1500% 0! 5.37x10¢
0.08 19.24942079 1.357 1.6099x 01! 7.52x10¢
0.12 23.52227904 1.357 1.8295x 01! 8.54x10¢

From observing the nonlinear refractive index values and the third-order
nonlinear optical susceptibility values listed in Table (4.3), we find that the highest
values of the linear absorption index were recorded at wavelength (405 nm) and this
is expected because this wavelength is located at the top of the linear absorption
spectrum of the Ag NWs D100. The highest values of the nonlinear refractive index
and the third-order nonlinear optical susceptibility values were recorded at the
wavelength (473 nm), and as we mentioned earlier, that this wavelength is located

in the region of the broadband linear absorption spectrum of this material, that is,
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within the effective region of absorption. The highest value of the nonlinear
refractive index and the third-order nonlinear optical susceptibility were recorded at
a concentration of (0.12 mg/ml) at (473 nm) and power of (7.8 mW) for the laser

beam used. The lowest value for these two factors were recorded for a concentration

of (0.04 mg/ml) at (650 nm).

4.4.1.4 Nonlinear optical properties for Ag NWs D200
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Fig (4.28): Z-scan closed aperture curves for Ag NWs D200 suspension in three
concentrations ((0.04, 0.08 and 0.12) mg/ml), with excitation wavelength (a) 405 nm, (b)
473 nm, (c¢) 532 nm, and (d) 650 nm and powers of (2.2, 8.7, 15.8, and 13.8 mW)

respectively.

Fig. (4.28) shows the nonlinear change of optical transmittance of Ag NWs

D200 at three different concentrations. The nonlinear change of these samples was

examined at four wavelengths covering the visible region of the electromagnetic

spectrum as mentioned earlier. Nonlinear investigation showed that the suspension

101



CHAPTER 4 Results, Discussion and Conclusion

of Ag NWs D200 has a defocusing nonlinear refraction in ethanol over the visible
region. All the samples have negative refractive indices at all the wavelengths. Figs.
(4.27 a, b, ¢ and d) show that the nonlinear change increases with increasing

concentrations and depends on the amount of wavelength.

Table (4.4): The values of n, and Rex(?')at different concentrations and wavelengths for

spherical Ag NWs D200

Ag NWs D200 Wavelength (405 nm), power (2.2 mW) and intensity (14.84 MW/m?)
i Linear absorption LT NG Susceptibilit
Co?fjg/:;?;mn coe:ﬁcie::ls:(:x l()m(_)l) refractive | Refractive index Re (I;) (esu)y
index n, -n; (m*W) X
0.04 12.62041441 1.357 1.5354x 011 7.1684x10¢
0.08 20.57382491 1.357 1.7631x 011 8.2316x10¢
0.12 36.64751106 1.357 2.8339x 0! 1.3231x105
Ag NWs D200 Wavelength (473 nm), power (8.7 mW) and intensity (9.03 MW/m?)
Concentration Linear absorption Llnea.r Nonl.lnefu' Susceptibility
(mg/ml) coefficient x (m) r.efractlve Refractlvg index Rex(3) )
index n, -n; (m*/W)
0.04 11.8680499 1.357 2.5408x 0! 1.19x105
0.08 19.18286409 1.357 3.1779x 0! 1.48x10°
0.12 34.36290947 1.357 3.7441x 01! 1.75x10°
Ag NWs D200 Wavelength (532 nm), power (15.6 mW) and intensity (8.21 MW/m?)
. ] q Linear Nonlinear LAY
Cm(llclfn/tlﬁ;mn Lln::;riall::orl()lt:l(_)ll)l refractive | Refractive index S:sce([;?blllty
g coefficient a index n, -y (mYW) ey "’ (esu)
0.04 10.89915221 1.357 2.5110x 0! 1.17x105
0.08 17.48176593 1.357 2.5522x o1 1.20x10°
0.12 31.32960258 1.357 3.1780x 0! 1.49x10°
Ag NWs D200 Wavelength (650 nm), power (13.6 mW) and intensity (13.32 MW/m?)
Concentration Linear absorption Llnea.r Nonl.mefu' Susceptibility
(mg/ml) coefficient a (ml) r'efractlve Refractive index Rey®(esu)
index n, -n; (m*W)
0.04 9.738644922 1.357 5.9483x 012 2.78x10°¢
0.08 15.57964147 1.357 6.8817x 012 3.21x10°¢
0.12 28.17776796 1.357 1.4321x 01 6.69%x10¢

From observing the nonlinear refractive index values and the third-order
nonlinear optical susceptibility values listed in Table (4.4), we find that the highest

values of the linear absorption index were recorded at wavelength (405 nm) and this
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i1s expected because this wavelength is located at the top of the linear absorption
spectrum of Ag NWs D200. The highest values of the nonlinear refractive index and
the third-order nonlinear optical susceptibility values were recorded at the
wavelength (473 nm), and as we mentioned earlier that this wavelength is located in
the region of the broadband of the linear absorption spectrum of this material, that
is, within the effective region of absorption. The highest value of the nonlinear
refractive index and the third-order nonlinear optical susceptibility were recorded at
a concentration of (0.12 mg/ml) at a wavelength of (473 nm) and a power of (7.8
mW) for the laser beam used. The lowest value for these two factors were recorded

for a concentration of (0.04 mg/ml) at a wavelength of (650 nm).

By reviewing the results in Tables (2, 3 and 4) for Ag NWs with diameters
(50, 100 and 200) nm respectively, we note that the highest values of the two
nonlinear optical properties were recorded for Ag NWs D100, which is a diameter
that lies between the other two diameters used. According to the results of the
researchers in [139]. The thermal conductivity of the silver nanowire increases with
decreasing the diameter of the silver nanowire. The non-linear changes in this study
depend on the heat resulting from the non-radiative electronic transitions and the
transfer of this heat to the host and cause the occurrence of nonlinear optical changes,
and based on the above, the highest results are supposed to be recorded for Ag NWs
D50. The highest values recorded for Ag NWs are D100. This may be attributed to
the fact that the high thermal conductivity of the small diameter silver nanowire
leads to rapid heat exchange between the nanowire and the host and the heat drains
quickly, resulting in unsustainable thermal change of the host material, which in turn
affects the value of the nonlinear properties. For Ag NWs D100, its diameter is twice
as large, meaning that its thermal conductivity is lower than that of Ag NWs D50,
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but the highest results were recorded for this value of diameters for nanowires. The
reason for this is likely to be that there is a state of proportionality between the width
of this wire and the amount of heat transmitted from it to the host, so that the thermal
conductivity between it and the host provides a longer sustainability to maintain the
temperature sufficient to cause a non-linear turbulence in the host material. Thus
provide a longer perturbation time and better non-linear results . For Ag NWs D200,
the thermal conductivity is lower due to the increase in diameter, so the heat will be
dispersed along the nanowire body and thus not a large amount of heat is transmitted

to the host and thus obtaining lower values for nonlinear optical changes.
4.4.2 Nonlinear optical properties for (Cu) nanoparticles group

We have mentioned that in this group, we have three samples, two of them
are spherical of two different sizes and the other is wire-shaped. The nonlinear
properties were measured using four wavelengths covering the visible region of the

spectrum like all other samples of materials.
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4.4.2.1 Nonlinear optical properties for Cul

From Fig. (4.29 a, b, ¢ and d), it is clear that all the samples have negative
refractive indices at all the wavelengths. Later, we will discuss the effect of changing
the concentrations, and the wavelengths of the laser beam used, and the size of this

sample and the other sample Cu2 material on the nonlinear optical properties.

a Cul (0.04 mg/ml) at - b 2 Cul (0.04 mg/ml) at

g (405 nm) £ (473 nm)
E Cul (0.08 mg/ml) at 2 Cul (0.08 mg/ml) at
g (405 nm) E (473 nm)
g Cul (0.12 mg/ml) at < e Cul (0.12 mg/ml) at
2 (405 nm) 3 (473 nm)
= i <

g g £

5 v
Z.

40 220 0 20 40 -40 -20 0 20 40
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g 5 Cul 0.08mg/mhat 3 Cul (0.08 mg/ml) at
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Fig (4.29): Z-scan closed aperture curves for spherical Cul suspension in three
concentrations ((0.04, 0.08 and 0.12) mg/ml), with excitation wavelength (a) 405 nm, (b) 473
nm, (¢) 532 nm, and (d) 650 nm and powers of (2, 4.8, 11, and 13.8 mW) respectively.
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Table (4.5): The values of n2 and Rex(?’)at different concentrations and wavelengths for
spherical Cul

Cul Wavelength (405 nm), power (2 mW) and intensity (13.49 MW/m?)

Linear

Nonlinear

Concentration | Linear absorption X . . Susceptibility
. 1 | refractive | Refractive index 3)
(mg/ml) coefficient o (m™) index n, -n; (mY/W) Reyx ' (esu)
0.04 10.55081067 1.358 1.38901x10!! 6.49443x10°¢
0.08 17.59729977 1.358 1.55094x10"! 7.25153%10¢
0.12 29.06854277 1.358 2.80042x10™! 1.31357x10°5
Cul Wavelength (473 nm), power (4.8 mW) and intensity (4.98 MW/m?)
Concentration | Linear absorption Llnea.r Nonl.lne:ar Susceptibility
. 1 | refractive | Refractive index @)
(mg/ml) coefficient o (m™) T - (mYW) Rey ' (esu)
0.04 10.803373 1.358 2.60268x10!" 1.22x10%
0.08 17.96078993 1.358 4.19359x10-1 1.96x105
0.12 29.9675572 1.358 5.51246x10"1 2.58x10°
Cul Wavelength (532 nm), power (11 mW) and intensity (5.79 MW/m?)
. . Linear Nonlinear .
i tibilit
Concentration Lmear.absorptu-)ln refractive | Refractive index Susce([;) ibility
(mg/ml) coefficient o (m™) index n, -n; (mY/W) Reyx ' (esu)
0.04 10.7027319 1.358 3.48738x10"1 1.63x10%
0.08 18.1119435 1.358 3.57677x10°1 1.67x10%
0.12 30.05983073 1.358 3.76659x10™ 1.76x105
Cul Wavelength (650 nm), power (13.8 mW) and intensity (13.51 MW/m?)
. ] q Linear Nonlinear -
Concentration Llnear.absorptu_lln refractive | Refractive index Susce([glblllty
(mg/ml) coefficient o (m™) index n, -, (mYW) Rey*”’ (esu)
0.04 10.2278533 1.358 1.07863x10!! 5.04x10¢
0.08 17.2773363 1.358 1.27831x10"! 5.98x10
0.12 28.62797887 1.358 2.42779x10°1 1.14x10%

From observing the results listed in Table (4.5), we find that the highest values
of the nonlinear refractive index and the nonlinear third order susceptibility of the
Cul sample were recorded at wavelength (473 nm) and wavelength (532 nm)
because they are located at the highest values of linear absorption for this sample,
although its linear absorption curve appeared flat. The effect of changing the
concentrations was noticeable at the wavelengths (473 and 405) nm, where the

nonlinear optical properties values increased with increasing the concentration. The
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effect of changing the concentration of the nonlinear optical properties was very

slight at the wavelength (532 and 650) nm.
4.4.2.2 Nonlinear optical properties for Cu2

As for Cul, from the Fig. (4.30 a, b, ¢ and d) all the samples have negative

refractive indices at all the wavelengths.

a 3 Cu2 (0.04 mg/ml) at = b 4 Cu2 (0.04 mg/ml) at
= =
g (405 nm) £ (473 nm)
E g
5 Cu2 (0.08 mg/mhat £ A Cu2 (0.08 mg/ml) at
g (405 nm) ; (473 nm)
[l
2 Cu2 (0.12 mg/ml) at E Cu2 (0.12 mg/ml) at
% (405 nm) Té 2 (473 nm)
z 1
-40 -20 0 20 40 -40 220 0 20 40
Z (mm) Z (mm)
- C 2.5 Cu2 (0.04 mg/ml) at g d 4 Cu2 (0.04 mg/ml) at
2 (532 nm) E (650 nm)
g Cu2 (0.08 mg/ml) at £ 3 Cu2 (0.08 mg/ml) at
E (532 nm) = (650 nm)
]
E Cu2 (0.12 mg/ml) at X Cu2 (0.12 mg/ml) at
= (532 nm) g (650 nm)
£ =
: E
z 1
40 20 0 20 40 -40 =20 0 20 40
Z (mm) Z (mm)

Fig (4.30): Z-scan closed aperture curves for spherical Cu2 suspension in three concentrations
((0.04, 0.08 and 0.12) mg/ml), with excitation wavelength (a) 405 nm, (b) 473 nm, (c) 532 nm, and
(d) 650 nm and powers of (2, 4.8, 11, and 13.8 mW) respectively.
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Table (4.6): The values of n2 and Rex(3)at different concentrations and wavelengths for
spherical Cu2

Cu2 Wavelength (405 nm), power (2 mW) and intensity (13.49 MW/m?)

Linear

Nonlinear

Concentration Linear.absorptif)ln refractive | Refractive index Susce([;;cibility
(mg/ml) coefficient o (m™) index n, - (m¥W) Rey*(esu)
0.04 48.17476813 1.358 2.90536x10!! 1.35843x10°
0.08 72.0889666 1.358 2.99383x10! 1.39979x105
0.12 85.83181203 1.358 3.45236x10! 1.61418x10°
Cu2 Wavelength (473 nm), power (4.8 mW) and intensity (4.98 MW/m?)
Concentration Linear.absorpti(-)ln rel;:':?tlil;fe Re flj;)cllli:f?: dex Susceg?ibility
(mg/ml) coefficient o (m™) index n, -, (mYW) Rey " (esu)
0.04 48.7858308 1.358 1.13795x10°1¢ 5.32x10°
0.08 72.2432676 1.358 1.23016x10° 5.75x10°°
0.12 86.6252723 1.358 1.32163x1071° 6.18x10°5
Cu2 Wavelength (532 nm), power (11 mW) and intensity (5.79 MW/m?)
Concentration Linear.absorpti(-)ln rel;:'rz:?tlil;fe Re flj;)cntlilvnee?: dex Susceg;cibility
(mg/ml) coefficient o (m™) index n, -, (mY/W) Rey " (esu)
0.04 48.6331419 1.358 6.5518x10°!! 3.06x10°5
0.08 71.64824917 1.358 7.06552x101 3.30x10°5
0.12 86.52632007 1.358 7.73128x101 3.61x10°
Cu2 Wavelength (650 nm), power (13.8 mW) and intensity (13.51 MW/m?)
Concentration Linear.absorpti(-)ln rel;:':?tlil;fe Re flj;)cllli:f?: dex Susce([gibility
(mg/ml) coefficient o (m™) index n, -n; (mY/W) Rey "’ (esu)
0.04 56.08825997 1.358 5.18867x10™!! 2.43x10°
0.08 84.38898253 1.358 5.50246x101 2.57x10°
0.12 98.74534717 1.358 6.59321x10! 3.08x10°

From observing the results listed in Table (4.6), we find that the values of the
linear absorption coefficient of the Cu2 sample seem to be stable at all wavelengths
used at (0.12) mg/ml are very closed, except at the wavelength of (650 nm). At (650)
nm some increase is recorded in this coefficient because this wavelength close to the
top of the linear absorption spectrum of Cu2. The highest values of the nonlinear
refractive index and third-order nonlinear optical susceptibility were recorded at the
wavelength (473 nm), which is the highest values for all materials used in this thesis.
The next highest value is at the wavelength (532 nm). However, it is seven times
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lower than the values calculated at the wavelength (473 nm). The last two lowest

values of the nonlinear refractive index were at (650 nm) and (405 nm) respectively.

In both samples Cul and Cu2, we notice that the values of the nonlinear
refractive index and the third-order nonlinear susceptibility increase as the
concentrations increases, however, despite the fact that the increase in
concentrations 1s double, the increase in the nonlinear refractive index and the
nonlinear susceptibility is small. The Cu2 sample showed much higher values than
that of the Cul sample (the dominant size of the Cu2 (90-99) nm and the dominant
size of the Cul particles being around (40-50) nm). This is due, according to the
researchers’ results in [147], to the fact that the nonlinear refractive index increases
nonlinearly with the increase in the particle size. This increase can be attributed to
the increase in the ratio between the linear absorption and the thermal diffusivity
(oD, since a is linear absorption and D is thermal diffusivity), which is the main

factor that affect the thermal nonlinear refraction [140].
4.4.2.3 Nonlinear optical properties for Cu NWs D50

From Fig. (4.31), it is clear that all the samples have negative refractive
indices at all the wavelengths. From the results recorded in Table (4.7), we notice
that the values of the nonlinear refractive index and the nonlinear third-order

susceptibility increase with the increasing concentrations.
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Fig (4.31): Z-scan closed aperture curves for Cu NWs D50 suspension in three

concentrations ((0.04, 0.08 and 0.12) mg/ml), with excitation wavelength (a) 405 nm, (b)
473 nm, (c) 532 nm, and (d) 650 nm and powers of (2.2, 4.8, 13, and 13.8 mW) respectively.

The highest values were recorded at the wavelength (473 nm), followed by
the wavelength (532 nm). Despite the different concentrations, the values of the
linear absorption coefficient seem to be close to each other at all the values of the

wavelengths used.
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Table (4.7): The values of n2 and Rex(3)at different concentrations and wavelengths for Cu

NWs D50
Cu NWs D50 Wavelength (405 nm), power (2.2 mW) and intensity (14.83 MW/m?)
] q Linear Nonlinear TG
Concentration | Linear absorption . . . Susceptibility
i) e refractive | Refractive index Rey®
& index n, -n; (m*W) ey (esw)
0.04 21.3398283 1.358 2.42832x10"1 1.135x10%
0.08 27.30475183 1.358 2.87837x101 1.345x105
0.12 37.85801903 1.358 2.98170x10! 1.394x10°
Cu NWs D50 Wavelength (473 nm), power (4.8 mW) and intensity (4.98 MW/m?)
] q Linear Nonlinear LAY
Concentration | Linear absorption . . . Susceptibility
(mg/ml) coefficient e (m™) refractive | Refractive index Rey®
& index n, -n; (m*W) ey (esu)
0.04 21.2668232 1.358 3.8388x10!! 1.79x105
0.08 26.70981017 1.358 4.4968x10" 2.10x10°
0.12 38.63896633 1.358 6.2503x10!! 2.92x10°
Cu NWs D50 Wavelength (532 nm), power (13 mW) and intensity (6.84 MW/m?)
Concentration | Linear absorption I;meztl.r R fN or;l.meflr d Susceptibility
(mg/ml) fficient o (m™) refractive efractive index Rey®
g coefficient o e -, (MY/W) ey’ (esu)
0.04 21.35172713 1.358 2.6732x10 1.25x105
0.08 26.3909982 1.358 3.5480x10" 1.66x10°
0.12 38.69876757 1.358 5.6793x10! 2.66x10°5
Cu NWs D50 Wavelength (650 nm), power (13.8 mW) and intensity (13.51 MW/m?)
] q Linear Nonlinear LAY
i tibilit
Concentration Llnear.absorptl(-)ln refractive | Refractive index Susce([;)lbl ity
(mg/ml) coefficient o (m™) index n, -, (mYW) Rey "’ (esu)
0.04 23.08404373 1.358 1.3075x10!! 6.11x10°¢
0.08 28.31715063 1.358 1.3855x10!! 6.48x10¢
0.12 42.31724117 1.358 3.2648x10"! 1.53x10°
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4.4.3 Nonlinear optical properties for (Au) nanoparticles group

From Figs. (4.32, 33 and 34), it clear that all the samples (Aul, Au2 and Au3)
have negative refractive indices at all the wavelengths. From the results recorded in
Tables (4.8, 4.9 and 4.10), we notice that the values of the nonlinear refractive index
and the nonlinear third-order susceptibility increase with increasing concentrations.
The highest values were recorded at wavelength (473 nm), followed by wavelength

(405 nm) for the sample (Au2).
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H
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£ £
I I
=l =l
z z
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Fig (4.32): Z-scan closed aperture curves for Aul suspension in three concentrations ((0.04,
0.08 and 0.12) mg/ml), with excitation wavelength (a) 405 nm, (b) 473 nm, (¢) 532 nm, and
(d) 650 nm and powers of (2.2, 2, 11, and 13.8 mW) respectively.
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Fig (4.33): Z-scan closed aperture curves for Au2 suspension in three concentrations ((0.04,
0.08 and 0.12) mg/ml), with excitation wavelength (a) 405 nm, (b) 473 nm, (¢) 532 nm, and
(d) 650 nm and powers of (2.2, 2, 11, and 13.8 mW) respectively.
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Fig (4.34): Z-scan closed aperture curves for Au3 suspension in three concentrations ((0.04,
0.08 and 0.12) mg/ml), with excitation wavelength (a) 405 nm, (b) 473 nm, (¢) 532 nm, and
(d) 650 nm and powers of (2.2, 2, 11, and 13.8 mW) respectively.
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Table (4.8): The values of n; and Rex(3)at different concentrations and wavelengths for
Aul

Aul Wavelength (405 nm), power (2.2 mW) and intensity (14.84 MW/m?)

Concentration Linear.absorptif)ln reLf:':ecztlil;re Reflj ;)cntlilvnee;f dex Susceg;cibility
(mg/ml) coefficient o (m™) index n, ny (mYW) Rey " (esu)
0.04 7.6445782 1.357 1.21749% 0! 5.68408x10¢
0.08 11.9703031 1.357 2.46451x 01 1.15060x10
0.12 17.94420833 1.357 2.89471x 0! 1.35145%10°5
Aul Wavelength (473 nm), power (2 mW) and intensity (2.07 MW/m?)
Concentration Linear‘absorptif)ln reLf:':z:il;re Reflj ;:tlilvnee?rf dex Susce([;;cibility
(mg/ml) coefficient o (m™) e n; (mY/W) Rey**’(esu)
0.04 7.2887647 1.357 2.24573x 011 1.05x10°
0.08 12.05843123 1.357 3.32850% 0! 1.55x105
0.12 18.59296343 1.357 6.65056% 01! 3.10x10°5
Aul Wavelength (532 nm), power (11 mW) and intensity (5.79 MW/m?)
Concentration Linear‘absorptif)ln reLf:':ecztlil;re Reflj :cntlilvnee;f dex Susceg;cibility
(mg/ml) coefficient o (m™) index n, n; (mYW) Rey**’(esu)
0.04 7.700924933 1.357 8.92001x 012 4.16x10
0.08 13.3097279 1.357 1.31963x 0! 6.16x106
0.12 20.522033 1.357 4.31816x 0! 2.02x10°
Aul Wavelength (650 nm), power (13.8 mW) and intensity (13.51 MW/m?)
Concentration Linear‘absorptif)ln r;‘;‘;ﬁ;‘;’e Re flj ;)clllilvnee?lf dex Susceg;cibility
(mg/ml) coefficient o (m™) N n; (mY/W) Rey**’(esu)
0.04 6.315209833 1.357 4.1508x 012 1.94x10¢
0.08 10.72860227 1.357 7.2769x 0712 3.40x10¢
0.12 15.10107807 1.357 1.6563x 0! 7.73x10°¢
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Table (4.9): The values of n2 and Rex(3)at different concentrations and wavelengths for

Au2
Au2 Wavelength (405 nm), power (2.2 mW) and intensity (14.84 MW/m?)
Concentration Linear‘absorptif)ln reg:':ecztlil;re Re flj ;:tlilvnee?rf dex Susce([;;ibility
(mg/ml) coefficient o (m™) index n, -z (mYW) Rey ' (esu)
0.04 15.79988503 1.357 2.51671x10°!! 1.17497x103
0.08 22.96244533 1.357 3.01435x101 1.40731x105
0.12 26.91001763 1.357 4.26584x10!! 1.99159x10°
Au21 Wavelength (473 nm), power (2 mW) and intensity (2.07 MW/m?)
Concentration Linear.absorpti(_)ln reLf:':ecztlil;re Re flj ;):tlilvnee;f dex Susce([;:ibility
(mg/ml) coefficient o (m™) index n, -, (mYW) Rey "’ (esu)
0.04 16.38231373 1.357 4.83056x10! 2.26x10°
0.08 23.6969488 1.357 7.15874x10™1 3.34x10°
0.12 27.4278088 1.357 1.03968x101 4.85x10°
Au2 Wavelength (532nm), power (11 mW) and intensity (5.79 MW/m?)
Concentration Linear.absorpti(_)ln ré';gzii:e Re flj ::tlilvnee?lf dex Susce([;;ibility
(mg/ml) coefficient o (m™) index n, -, (mYW) Rey*’ (esu)
0.04 16.5290916 1.357 2.23783x10°! 1.04x10°
0.08 23.98751063 1.357 2.66239x10! 1.24x105
0.12 27.91044083 1.357 3.80557x101 1.78x105
Au2 Wavelength (650 nm), power (13.8 mW) and intensity (13.51 MW/m?)
Concentration Linear‘absorpti(_)ln reLf:':ecztlil;re Re flj ;):tlilvnee;f dex Susceg;ibility
(mg/ml) coefficient o (m™) index n, -, (mYW) Rey "’ (esu)
0.04 15.22751277 1.357 8.28249x1012 3.87x10°¢
0.08 21.9696988 1.357 1.13709x101! 5.31x10°¢
0.12 26.3886952 1.357 1.97409%10!! 9.22x10¢
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Au3

Au3 Wavelength (405 nm), power (2.2 mW) and intensity (14.84 MW/m?)

Concentration Linear-absorptif)ln r:;:':?tlil;fe Re flj;)clllilvrze?: dex Susce([gibility
(mg/ml) coefficient o (m™) index n, n; (m¥W) Rey ' (esu)
0.04 11.24132683 1.357 2.3063x10°!! 1.076x10°°
0.08 18.8505156 1.357 3.3637x10°1 1.570x10
0.12 25.5022705 1.357 3.7561x10 1.753x10%
Au3 Wavelength (473nm), power (2.2 mW) and intensity (2.28 MW/m?)
Concentration Linear.absorptif)ln rel;:':iitlil;re Re flj;)clllilvrze?: dex Susce([gibility
(mg/ml) coefficient o (m™) index n, s (MYW) Rey "’ (esu)
0.04 12.03448003 1.357 4.4515x101 2.08x10°
0.08 20.16721747 1.357 4.7332x10"1 2.21x10°
0.12 27.13056827 1.357 4.9486x10 2.31x10°5
Au3 Wavelength (532 nm), power (11 mW) and intensity (5.79 MW/m?)
Concentration Linear. absorptign r:;':'r:ui?il;/e Re flj;)cntlilvnee?: dex Susce([gibility
(mg/ml) coefficient o (m™) index n, n; (mY/W) Rey*’ (esu)
0.04 13.17953163 1.357 1.72035x10!! 8.03x10°¢
0.08 22.5675576 1.357 2.09314x101 9.77x10¢
0.12 29.82008843 1.357 2.30415x101 1.08x105
Au3 Wavelength (650 nm), power (13.8 mW) and intensity (13.51 MW/m?)
Concentration Linear-absorptif)ln rel;:':iitlil;re Re flj;)clllilvrze?: dex Susceg:ibility
(mg/ml) coefficient o (m™) index n, n; (mYW) Rey "’ (esu)
0.04 11.82145253 1.357 4.1091x1012 1.92x10¢
0.08 20.6708068 1.357 8.8999x1012 4.16x10
0.12 26.23961433 1.357 4.7580x10 2.22x10°

4.4.4 Nonlinear optical properties for (Fe2O3) Nano fragments

From Fig. (4.35), it is clear that all the samples have negative refractive
indices at all the wavelengths. From the results recorded in Table (4.11), we notice
that the values of the nonlinear refractive index and the nonlinear third-order

susceptibility the increase with increasing concentrations.
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E nm) E (0.12 mg/ml) at (650 nm)
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g (0.12 mg/ml) at (532 g
z 0.75 pm ~
-40 -20 0 20 40 -40 -20 0 20 40
Z (mm) Z (mm)

Fig (4.35): Z-scan closed aperture curves for Fe:O3 Nano fragments suspension in
three concentrations ((0.04, 0.08 and 0.12) mg/ml), with excitation wavelength (a) 405 nm,
(b) 473 nm, (c) 532 nm, and (d) 650 nm and powers of (2.2, 6, 13, and 13.8 mW)
respectively.

The highest values of the nonlinear refractive indices and the nonlinear third-
order susceptibilities were recorded at wavelength (405 nm), then it starts decreasing
with increasing wavelength, that can be because that these wavelengths do not fall
within the region of the linear absorption spectrum of (Fe203) Nano fragments. The
highest values of the linear absorption coefficient were recorded at wavelength (405

nm) and these values decrease as the wavelength increase as well.
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Table (4.11): The values of n2 and Rex(s)at different concentrations and wavelengths for

Results, Discussion and Conclusion

Fe203; Nano fragments

Fe;03 Nano fragments Wavelength (405 nm), power (2.2 mW) and intensity (14.84
MW/m?)
i Linear absorption Linea.r Nonl'ine?r Susceptibilit
Cor(llc;:n/tllr's)tlon coe:ﬁcie:ts?x l()m?l) refractive | Refractive index R (I;) d
& index n, -n; (m*W) ey (esu)
0.04 21.78346287 1.359 2.25722x10"! 1.0569x105
0.08 40.47553207 1.359 4.44814x10" 2.0828x10°°
0.12 49.64753663 1.359 5.16072x10! 2.4164x10°°
Fe;03; Nano fragments Wavelength (473 nm), power (6 mW) and intensity  (6.22 MW/m?)
q ] Linear Nonlinear LA
i Linear absorption . o Susceptibilit
Cm;;fg/t;ﬁ)twn coefficient o, I()m_l) refractive Refractive index Re (l;) (esu)y
index n, -n; (m*W) X
0.04 8.735355767 1.359 1.69553x10°!! 7.94x10°°
0.08 13.07006237 1.359 2.69446x10"! 1.26x10°
0.12 20.07003087 1.359 4.12158x10 1.93x105
Fe;03 Nano fragments Wavelength (532 nm), power (13 mW) and intensity (6.84 MW/m?)
Concentration Linear.absorptif)ln reI;':‘Tc)?il;fe Re flj;)cntlilvnee?: dex Susce([;;ibility
(mg/ml) coefficient o (m™) index n, -, (mYW) Rey " (esu)
0.04 4.872143577 1.359 1.40477x10°1! 6.59x10°
0.08 4.871254331 1.359 1.8668x10!! 8.75x10°¢
0.12 11.56697103 1.359 2.2351x101 1.05x10°
Fe;03 Nano fragments Wavelength (650 nm), power (13.8 mW) and intensity (13.51
MW/m?
Concentration Linear.absorptif)ln reli';rz:i?il;fe Re flj;)cntlilvnee?: dex Susceg;:ibility
(mg/ml) coefficient o (m™) index n, n; (mYW) Rey " (esu)
0.04 2.260778333 1.359 1.9467x102 9.12x107
0.08 2.235445333 1.359 2.1716x102 1.02x10°¢
0.12 5.857526967 1.359 3.0512x1012 1.43x10°¢

4.4.5 Nonlinear optical properties for Mixtures group
4.4.5.1 Nonlinear optical properties for (Cu2+Ag NW D200)

From Figure (4.36), similar to the original materials of the mixture (Cu2 + Ag
NW D200), it is clear that the mixtures have negative refractive indices at all

wavelengths.
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Mixture (Cu2+Ag
NWs D200) 1:1 (2
2.5 mW, 405 nm)

2 Mixture (Cu2+ Ag
NWs D200) 1:1 (2.2
1 mW, 473 nm)

1 Mixture (Cu2+Ag
NWs D200) 1:1 (11
mW, 532 nm)

Normalized Transmition

0.5

R Mixture (Cu2+Ag
A4 NWs D200) 1:1
-40 -20 0 20 40  (13.8 mW, 650 nm)

Z (mm)

Fig (4.36): Z-scan closed aperture curves for Cu2+Ag NW D200 suspension with volume
ratio (1:1) (0.12mg/ml), with CW laser wavelength (405 nm) with (2 mW), wave length (473
nm) with (2.2 mW), wave length (532 nm) with (11mW) and wave length (650 nm) with
(13.8 mW)

From the results listed in Table (4.12), we note that the values of the nonlinear
refractive index and the third-order nonlinear susceptibility are different from the
values of their original materials. There is an improvement in the values of the
nonlinear optical properties of Ag NWs D200. In addition, that the linear absorption
coefficient of the mixture decreased by an average value of 56% in comparison to
that of Ag NWs D200 and about 85% of that for Cu2. The highest values of the
nonlinear refractive index and the third-order nonlinear susceptibility for the mixture

were recorded at the wavelengths (473 nm) and (532 nm).
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Table (4.12): The values of nz and Rex(s)at different wavelengths for Cu2+Ag NW D200

Material and Linear Li Nonli
ateria afl Wavelength | Intensity absorption 1nea'r on.lnejar Susceptibility
Concentration Qi) (MW/m?) coefficient refractive | Refractive index Rey®
(mg/ml) o ém-l index n, -n; (m*W) ey (esu)
405 13.49 14.91955049 1.358 3.51699x 10! 1.644x 10°
lzgz;“fng 473 2.28 14.79920594 1.358 7.32736x 1071 3.43x 10°
NVX)S 32)00) 532 5.79 14.18885977 1.358 5.20102x 10! 2.43x 10°
650 13.51 13.5175822 1.358 2.90940x 10! 1.36x 10
e —
405 13.49 85.83181203 1.358 3.45236x10! 1.61x10°
473 4.98 86.6252723 1.358 1.32163x101° 6.18x107
Cu2 (0.12)
532 5.79 86.52632007 1.358 7.73128x10! 3.61x107
650 13.51 98.74534717 1.358 6.59321x10!! 3.08x10°°
I B —
405 14.84 109.9425332 1.357 2.83396x 0! 1.32x105
-11 -5
Ag NWs D200 473 9.03 103.0887284 1.357 3.7441x 0 1.75%x10
UL 532 8.21 93.98880773 1.357 3.17805x% 011 1.49%10°
650 13.32 84.53330387 1.357 1.43215% 01 6.69%x107°
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4.4.5.2 Nonlinear optical properties for mixture of (Ag NPs + Cu NWs D50)

From Figure (4.37), such as that of the original materials of the mixture (Ag
NPs + Cu NWs D50), it is clear that the mixture have a negative refractive indices

at all wavelengths.

2.5 Mixture (Ag NPs

+ Cu NWs D50)
1:1 (2 mW, 405
nm)

Mixture (Ag NPs
+ Cu NWs D50)
1:1 (4.8 mW, 473
nm)

Normalized Transmition

Mixture (Ag NPs
+ Cu NWs D50)
05 1:1 (11 mW, 532
nm)

Mixture (Ag NPs
+ Cu NWs D50)
-40 20 0 20 40 1:1(13.8 mW, 650

Z (mm) nm)

o
Ay

Fig (4.37): Z-scan closed aperture curves for Ag NPs + Cu NWs D50 suspension with
volume ratio (1:1) (0.12mg/ml), with CW laser wavelength (405 nm) with (2 mW), wave
length (473 nm) with (4.8 mW), wave length (532 nm) with (11mW) and wave length (650
nm) with (13.8 mW)

From the results listed in Table (4.13), we note that the values of the nonlinear
refractive index and the third-order nonlinear susceptibility are different from the
values of their original materials. The values of the nonlinear refractive index and
the third-order nonlinear susceptibility of mixture are clearly different from those of
the original material especially the values of linear absorption coefficient. They are
less than the values of the raw material and they decrease as the wavelength

increases, an opposite case in comparison with the raw material.
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Table (4.13): The values of n2 and Rex(3)at different wavelengths for Ag NPs + Cu NWs

D50
Material and Linear Linear Nonlinear
1at ar Wavelength | Intensity absorption nea Refractive Susceptibility
Concentration /m? fficient refractive ind @)
o A (nm) (MW/m?) coefficien index n, index -n; Rey (esu)
o gm'l) (m%/W)
405 13.49 36.08655143 1.362 2.6423% 071! 1.24x107
Mixture of 11 5
(Ag NPs + Cu 473 4.98 31.42197847 1.362 6.5538% 0 3.08x10
NW()lf(l);lz ) 532 5.79 22.6928408 1.362 4.9953x 01! 2.35x10°5
650 13.51 18.28866037 1.362 2.0570x 0! 9.67x10¢
e B B ——
405 14.83 37.85801903 1.358 2.9817x101 1.39x10°
473 4.98 38.63896633 1.358 6.2503x101 2.92x10°%
CulNW (0.12)
532 6.84 38.69876757 1.358 5.6069x10™ 2.62x10°
650 13.51 42.31724117 1.358 5.6069x10™ 2.62x10°

405 13.49 64.4653457 1.357 4.31252x 0! 2.01x10°

473 4.98 65.97580663 1.357 1.2371x101° 5.77x10°5
Ag NPs (0.12)

532 5.79 57.98462693 1.357 9.5475x10™1 4.46x10°5

650 13.51 39.55786333 1.357 2.2507x101 1.05x10°°

4.4.5.3 Nonlinear optical properties mixture of spherical (Ag NPs + Fe2O3 Nano
fragments) (1:3)

In this mixture, two different methods were used to prepare the mixtures. The
first method was done by using ultrasonic waves for mixing, while the second was
done by using a pulsed laser with a wavelength of (532 nm). From the observation
of Fig. (4.38), it is clear that it has negative refractive indices at all wavelengths such

as its original materials.
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5 Ag NPs +Fe203 5 Ag NPs +Fe203

"é Nano fragments (1:3) é N&.mo fragments

Z at (405 nm) with 100 | 2 (1:3) at (473 nm)

s pulses laser (300 mJ) 8 with 100 pulses laser
= = (300 mJ)

= =

S 2 8
= e Ag NPs +Fe203 = Ag NPs +Fe203

E Nano fragments (1:3) E Nano fragments
2 1 at (405 nm) with 2 (1:3) at (473 nm)
sonication (15 W) with sonication (15
w)
40 20 0 40 -20 0 20 40
Z (mm) Z (mm)

g Ag NPs +Fe203 g Ag NPs +Fe203

£ Nano fragments ‘é Nano fragments

g (1:3) at (532 nm) z (1:3) at (650 nm)

g with 100 pulses laser £ with 100 pulses laser
< (300 mJ) g (300 mJ)

g Sy

g Ag NPs +Fe203 g Ag NPs +Fe203

s Nano fragments H Nano fragments

z (1:3) at (532 nm) z

with sonication (15

w)

-40

-20 0 20 40

Z (mm)

(1:3) at (650 nm)
with sonication (15

w)

-20 0 20 40

Z (mm)

Fig (4.38): Z-scan closed aperture curves for Ag NPs + Fe203 Nano fragments suspension
with volume ratio (1:3) with two methods of mixing (laser pulses and sonication), with
excitation wavelength (a) 405 nm, (b) 473 nm, (c¢) 532 nm, and (d) 650 nm and powers of
(2.2, 4.8, 11, and 13.8 mW) respectively.

From observing the results in Table (4.14), we find that the values of the
nonlinear refractive index and the third-order nonlinear susceptibility of the pulsed
laser mixture are better than those in the case of using the ultrasonic method. The
reason for this is that, the energy of the laser wave is much higher than the energy
of the ultrasound waves, and thus the adhesions caused by the pulsed laser wave are

different from those caused by the Ultrasound.

From comparing the values of the nonlinear properties and the linear
absorption coefficient of the mixtures with the values of the materials constituting
the mixture, we find, that the values of the nonlinear properties of the Ag NPs differ

from those of the mixture as they are larger. This may be due to the shape difference.
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As for the comparison with Fe,Os; Nano fragments, we find that there is also a

difference in the values. The linear and the nonlinear coefficient of the mixtures are

much better those of Fe,O3 Nano fragments, especially with regard to expanding the

linear absorption spectrum of Fe,O; Nano fragments to be doubled at the wavelength

of (650 nm).

Table (4.14): The values of n; and Rex(3)at different wavelengths for Ag NPs + Fe203
Nano fragments

Material and —— Linear Nonlinear
Conci,n tration Wavelength | Intensity absorption re frai five Refractive Susceptibility
(mg/ml) A (nm) (MW/m?) coefficient - index -n; Rey® (esu)
o !m‘l) 0 (m*W)
-11 -5
Mixture of (Ag 405 14.84 54.99686827 1.363 3.2181x 0 1.51x10
NPs + Fe O3 11 -5
T 473 4.98 29.39656673 1.363 7.0443x10 3.32x10
mg’{,“vli)ﬂ(lm) 532 5.79 15.6113461 1.363 5.3905x10™! 2.54x10°
sonication 650 13.51 6.352979033 1.363 8.8784x1012 4.18x10
- " ———————— ———— /|
-11 -5
ey 405 14.84 57.64240113 1.363 4.3783x10 2.06x10
NPs + Fe, O3 11 -5
T 473 4.98 38.6887879 1.363 7.9840x10 3.76x10
S, 532 5.79 24.92460133 1.363 7.0777x10-1 3.33x10°
With laser
DUISES 650 13.51 12.11378 1.363 1.0696x10 5.04x10°
- " ——————————— /|
405 13.49 64.4653457 1.357 4.31252% 011 2.01x10°
-10 -5
e 002 473 4.98 65.97580663 1.357 1.2371x10 5.77x10
il 532 5.79 57.98462693 1.357 9.5475x101! 4.46x10°
650 13.51 39.55786333 1.357 2.2507x10"1! 1.05x10°
- ///—/———————  —————————————
405 14.84 49.64753663 1.357 4.31252x 011 2.01x10°
Fe203 Nano 473 6.22 20.07003087 1.359 4.1216x10 1.93x10°
fragments
(0.12 mg/ml) 532 6.84 11.56697103 1.359 2.2351x101 1.05x10°
650 13.51 5.857526967 1.359 3.0512x1012 1.43x10°
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4.4.5.4 Nonlinear optical properties mixture of spherical (Cul+Fe203 Nano

fragments) (1:3)

As for the previous mixture in the paragraph (4.4.5.3). From the observation
of Fig. (4.39), it is clear that the mixtures have negative refractive indices at all

wavelengths such as its original materials.

3
- a 4 Cul NPs +Fe203Nano g b Cul NPs +Fe203 Nano
g fragments (1:3) at (405 £ fragments (1:3) at (473
g nm) with 100 pulses laser 2 nm) with pulses laser (300
g 3 (300 mJ) g 5 mJ)
£ =
2 2 Cul NPs +Fe203 Nano ';'é Cul NPs +Fe203 Nano
% fragments (1:3) at (405 = fragments (1:3) at (473
£ nm) with sonication (15 E 1 nm) with sonication (15
5 w) z W)
z 1
-40 =20 0 20 40 -40 -20 0 20 40
Z (mm) Z (mm)
¢ 2.5 d 2
g Cul NPs +Fe203 Nano £ Cul NPs +Fe203 Nano
£ 2 fragments (1:3) at (532 £ fragments (1:3) at (650
£ nm) with pulses laser (300 g 15 nm) with pulses laser
g mJ) g (300 mJ)
- 1]
= 1.5 =
g Cul NPs +Fe203 Nano 8 1 Cul NPs +Fe203 Nano
= 1 fragments (1:3) at (532 = fragme.:nts (1:'3) at (650
E nm) with sonication (15 g nm) with sonication (15
5 W)
z W) zZ 0.5
0.5
-40 20 0 20 40 -40 20 0 20 40
Z (mm) Z (mm)

Fig (4.39): Z-scan closed aperture curves for Cul+Fe203 Nano fragments suspension in
volume ratio (1:3) with two methods of mixing (laser pulses and sonication), with excitation
wavelength (a) 405 nm, (b) 473 nm, (c) 532 nm, and (d) 650 nm and powers of (2.2, 4.8, 11,

and 13.8 mW) respectively.

From observing the results in Table (4.15), we find that the values of the
nonlinear refractive index and the nonlinear third-order susceptibility of the mixture

that treated with laser are better than those with the ultrasonic method. The reason
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for this can also be attributed to the higher energy of laser in comparison with the

direct ultrasonic waves which can lead to different structures.

From comparing the values of the nonlinear properties and the linear
absorption coefficient of the mixtures with the values of the materials constituting
the mixture, we find that the valuesof the nonlinear properties of the Cul are
different from those of the mixture as they are smaller. This may be due to the shape
or structure differences. As for the comparison with Fe,O3; Nano fragments, we find
that there is also a difference in the optical values, where the mixture have much
better properties than Fe,O3; Nano fragments, especially with regard to expanding
the linear absorption spectrum of Fe,O; Nano fragments to multi times at the

wavelengths of (473, 532 and 650) nm.
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Table (4.15): The values of n; and Rex(S)at different wavelengths for Cul + Fe203 Nano

fragments
Material and Lo Linear b
. Wavelength Intensity absorption . Refractive Susceptibility
Concentration 5 . refractive . @)
(mg/ml) A (nm) (MW/m?) coefficient index n index -n; Rey*’ (esu)
8 a Smlz ° (m?*/W) _
: 405 14.84 72.5723663 | 1.361 3.3380% 01! 1.56x10°
Mixture of
(Cul NPs + -11 -5
AN 473 4.98 52.50064657 | 1.361 | 8.3247x10 3.91x10
(0'1‘,2‘,1 t(;‘” 532 5.79 432648489 | 1361 | 6.3195x10™" 2.97x10°
sonication 650 13.51 3575300027 | 1.361 | 2.3106x10" 1.09x10°
I e e
405 14.84 7492242427 | 1361 | 4.5844x10™M 2.15x10°
LU T = 473 4.98 50.65617387 | 1361 | 1.0682x1071 5.02x10°5
Fe203 NPs
(L2 (L85 532 5.79 38.893064 1361 | 6.8107x10™ 3.20x10°
With pulses
650 13.51 3157635623 | 1361 | 2.5911x10™ 1.22x10°
e B ———
405 13.49 29.06854277 | 1.358 | 2.8004x10 1.31x10°
-11 -5
S T 473 4.98 299675572 | 1.358 | 5.5124x10 2.58x10
i) 532 5.79 30.05983073 | 1.358 | 3.7665x10™" 1.76x10°
650 13.51 28.62797887 | 1.358 | 2.4278x10™M 1.14x10°
e e e s
405 14.84 49.64753663 | 1.357 4.3125x 011 2.01x10°
Fe203 Nano 473 6.22 20.07003087 | 1.359 | 4.1216x10™M 1.93x10°
fragments
(0.12 mg/ml) 532 6.84 11.56697103 | 1.359 | 2.2351x10!! 1.05x10°
650 13.51 5857526967 | 1.359 | 3.0512x10™" 1.43x10°

128



CHAPTER 4 Results, Discussion and Conclusion

4.5 Optical Limiting Response

The optical limiting effects was studied for all samples (Ag group, Cu group,
Au group, Fe203 Nano fragments and mixtures) as a suspensions in absolute ethanol
media at three concentrations (0.04, 0.08 and 0.12) mg/ml by two wavelengths (405
and 532) nm. Threshold power (P;;) and limiting power (P;) in (mW) unit are

tabulated in tables for all samples.

4.5.1 Characteristics Optical Limiting of Ag Nano group
4.5.1.1 Characteristics Optical Limiting of Ag NPs

From the Fig. (4.40 a and b), the result shows that observed the limiting power

(P.) and threshold power (P,;,) are decreased with increasing the concentrations and

wavelength.

6 a —=—AgNPs (0.04 || oo 14 b —t=— Ag NPs (0.04
- X
i 5 mg/ml) at E 12 W ad - mg/ml) at
x —— (405 nm) x R (532 nm)
s 4 ¢ 5 Ml s
= o —#— Ag NPs (0.08 E 8 S —#— Ag NPs (0.08
T 3 My—ng mg/ml) at = mg/ml) at

A B g 6 g

g / Y oS (405 nm) H (532 nm)
g2 / & 4] M
:, /A ——AgNPs2 || 5 ,A/ —— AgNPs (012
g , ﬁ‘ mg/ml) at 8 0 [“.( mg/ml) at

(405 nm)

5 10 15
Input Power (mW) x 9.43

0

10 20 30 (532 nm)

Input Power (mW) x 1.548

40

Fig. (4.40): The optical limiting curves of Ag at three different concentrations by two

Table (4.16): Threshold and limiting power for suspension of Ag NPs at three different

wavelengths, a: (405 nm), b: (532 nm).

concentrations by two wavelengths

Transmittance

Concentration

129

P, (mW) | P (m
Wavelength (nm) % ] th ( ) L (mW)
65 0.04 44.321 45.264
405 nm 60.7 0.08 30.176 31.119
43.7 0.12 26.404 23.57
72.9 0.04 19.35 20.2788
532 nm 63.2 0.08 17.4924 18.266
59.5 0.12 14.5512 15.48
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By observing the data in the Table (4.16), we can clearly notice that the (P,)
and the (P, ) decrease with increasing wavelength, and that transmittance decreases

with increasing concentration and increases slightly with increasing wavelength.
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4.5.1.2 Characteristics Optical Limiting of Ag NWs

In Fig. (4.41), the result shows that the limiting power (P;) and threshold
power (P;,) are decreased with increasing the concentrations. In addition, it can be
seen that the shape of the optical limiter curve shows a clearer behavior of the optical

limiter with increasing concentration.

9 a —+— Ag NWs D50 16 b —+— Ag NWs D50
% 8 0.04mg/ml) || 3 14 ‘4\ (0.04 mg/ml)
= ZE- N, t (405 - at (532 nm
= g 4. \ at ( nm) ~ 12 ) :ﬁ' . ’I ( )
S 6 .‘l R AENWsDSO || o e m— Ag NWs D50
s af ,A“\A (0.08 mg/ml) s "I 1 (0.08 mg/ml)
5 4“;654 Ny at(05mm) || = g ﬁl el \ at (532 nm)
E 4 ':"AV k= Ag NWs D50 E 6 == Ag NWs D50
= 3 (0.12 mg/ml) ~ (0.12 mg/ml)
E- 5 I at (405 nm) E' 4 N at (532 nm)
s Z 2
1 (#/ o _(A
0 VA% 0 i
0 5 10 is 0 10 20 30 40
Input Power (mW) x 9.43 Input Power (mW) x 1.548
7 ——
c —+— Ag NWs D100 18 d Ag NWs D100
[ (0.04 mg/ml)
L 6 (0.04 mg/ml) 16
3 at (532 nm)
EN at (405 nm) ® 14
x5 . ol # Eow— Ag NWs D100
g — Ag NWs D1 - 12 (0.08 mg/ml)
E 4 (0.08 mg/ml) x 10 at (532 nm)
5 5 oy at (405 nm) z 4 { A= Ag NWs D100
g , i E B s b, —d— Ag NWs
K ) ‘»«N.N_'A—A— Ag NWs D100 e el SA (0.12 mg/ml)
= “_A_A‘ (0.12 mg/ml) £, at (532 nm)
g- 1 / L S S, at (405 nm) & : / 'A‘/
o =
0 uA £ 0 -
0 10 15 S 0 10 20 30 40
Input Power (mW) x 9.43 Input Power (mW) x 1.548
8 e —t=— Ag NWs D200 20 f == Ag NWs D200
Q 7 ( 0.04 mg/ml) 18 (0.04 mg/ml)
< o at (405 nm) § 16 at (532 nm)
é 6 o '\. m—AgNWsD200 || = 14 —=— Ag NWs D200
0.08 mg/ml) joy (0.08 mg/ml)
z5 s ( g 12 ~u-u 8
54 y. 4 A TN at@0s ) T I W ez
A =
g .‘}4 ——AgNWs D200 || = 0 A‘-A ok—A~p —i— Ag NWs D200
£3 o (0.12 mg/ml) 2 A (0.12 mg/ml)
s, at (405 nm) g 6 at (532 nm)
& v s 4
Sh E ,
R W
o A 3 o il
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Fig. (4.41): The optical limiting curves at three concentrations, a & b: Ag NWs D50 (405
and 532) nm, ¢ & d: Ag NWs D100 (405 and 532) nm and e & f: Ag NWs D200 (405 and

532) nm
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Table (4.17): Threshold and limiting power for suspension of three sizes of Ag NWs at

three different concentrations by two wavelengths

Ag NWs c c
Diameters Wavelength Transr:nttance Concentration P,, (mW) | P, (mW)
i) (nm) %o (mg/ml)
e S ———
69.87 0.04 74.497 76.383
405 nm 68.67 0.08 66.953 69.78
59.21 0.12 46.9614 52.808
Ag NWs D50
g 55.76 0.04 17.4924 22910
532 nm 61.4 0.08 17.4924 22.136
54.9 0.12 13.932 15.0156
62.2 0.04 50.922 55.637
405 nm 46.47 0.08 28.29 25.46
34 0.12 14.145 14.164
Ag NWs D100 67.21 0.04 25.2324 24.613
532 nm 51.4 0.08 23.8392 23.529
45 0.12 12.8484 12.538
68.74 0.04 68.839 67.896
405 nm 68.67 0.08 59.409 58.466
57.97 0.12 46.207 44.321
A TR DR 56 0.04 27.864 26.9352
532 nm 47.69 0.08 19.1952 19.0404
42.6 0.12 14.3964 14.2416
80 Threshold power reshold power
a 405nm (0.04) mg/nl:] 30 b 532 nm ;1;)1'104)1:112/1[51
70 Limiting power Limiting power
6 (0.04) mg/ml 25 (0.04) mg/ml
g = Threshold power z == Threshold power
T 5o (()..O(f).mg/ml C (0.08) mg/ml
T R N Limiting power 5 20 Limiting power
E 40 (0.08) mg/ml B (0.08) mg/ml
= - Threshold power A —&— Threshold power
20 (0.12) mg/ml s (0.12) mg/ml
Limiting power v Limiting power
20 _ (0.12) mg/ml (0.12) mg/ml
10 — 10
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Fig. (4.42): Threshold and limiting power behavior at three different concentrations

according to diameter change of Ag NWs, a: at 405 nm, b: at 532 nm
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From the data in Table (4.17), for each diameter the (P,) and (P;,) are
decreased with increasing the wavelengths. In addition, with increasing of
concentrations, the transmittance was decreased with increasing of concentrations

and it increased with increasing the wavelengths.

From Fig. (4.42 a) we can notice that the values of (P;) and (P;;,) decrease
and then increase with Increasing the diameter of the wire for all concentrations at
wavelength (405 nm). However, for the wavelength (532 nm) as in Fig. (4.42 b), the
behavior was random, where at the concentration (0.04 mg/ml), the (P;) and (Pyp,)
increased with the increase of the diameter. In the concentration (0.08 mg/ml), they
increased and then decreased with increasing the diameter. In the concentration (0.12

mg/ml) they were decreasing and then increasing with the increase in the diameter.
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4.5.2 Optical Limiting of Au group

Results, Discussion and Conclusion
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Fig. (4.43): The optical limiting curves at three concentrations, a & b: Aul at (405 and 532)
nm, ¢ & d: Au2 at (405 and 532) nm and e & f: Au3 at (405 and 532) nm

From Fig. (4.43), the result show that the limiting power (P;) and threshold

power (Py) are decreased with increasing the concentrations.
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From the data of (P;) and (P;) in the Table (4.18), we can observed that the
behavior of increasing and decreasing of (P;) and (P;,) are not linearly with the
change of particle sizes. For each size, the transmittance values decreased very

slightly with increasing the wavelengths except (Au2) they were increased very

slightly.

Table (4.18): Threshold and limiting power for suspension of three sizes of spherical Au

Results, Discussion and Conclusion

NPs group at three different concentrations at two wavelengths

Au size
(nm)

Aul

Au 2

Au3

Wavelength | Transmittance | Concentration P,, (mW) | P, (mW)
(nm) % (mg/ml)
78.2 0.04 69.3105 65.2556
405 nm 43.47 0.08 32.4392 32.1563
21.73 0.12 21.689 20.746
89.68 0.04 - -
532 nm 84.84 0.08 - -
75.23 0.12 28.4832 28.1736
80.58 0.04 78.269 76.383
405 nm 87.2 0.08 65.067 64.6898
75.2 0.12 62.238 59.409
93.6 0.04 - -
532 nm 92.6 0.08 - -
96.2 0.12 23.065 19.6596
80.6 0.04 80.155 79.212
405 nm 75.03 0.08 66.01 63.181
79.05 0.12 45.264 42.435
97.9 0.04 - -
532 nm 93.8 0.08 - -
924 0.12 19.35 17.802

From Fig. (4.44) we can notice that the values of (P;) and (P;;) increase with

increasing the particle sizes for the concentrations (0.04 and 0.08) mg/ml at

wavelength (405 nm). For the concentration (0.12 mg/ml), the behavior was
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changed, where the (P;) and (P;;) increased and then decrease with the increase of
the particle sizes. At wavelength (532 nm), (P;) and (P;,) were decrease with the
increase of particle sizes for the concentration (0.12 mg/ml). There was no optical
limiting at the concentrations (0.04 and 0.08) mg/ml for all particle sizes at the

wavelength (532 nm).
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80 (mW) (0.04) mg/ml

70 Limiting power (mW)
u (0.04) mg/ml

60 =M= Threshold power
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=== Threshold power

30 (mW) (0.12) mg/ml
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Limiting power (mW)
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2 4 6 8 10
Particle size (nm)

Fig. (4.44): Threshold and limiting power behavior at three different concentrations at (405

nm) wavelength according to particle sizes of Au NPs
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4.5.3 Optical Limiting of Cu group

Results, Discussion and Conclusion
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Fig. (4.45): The optical limiting curves at three concentrations, a & b: Cul at (405 and 532)
nm, ¢ & d: Cu2 at (405 and 532) nm and e & f: Cu NWs D50 at (405 and 532) nm
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Table (4.19): Threshold and limiting power for suspension of three sizes of Cu group at

three different concentrations by two wavelengths

Cu size &

shapes (nm)

Cul

Cu?

Cu NWs

Wavelength | Transmittance | Concentration | p . (mW) | P, (mW)
(nm) % (mg/ml)
73.8 0.04 57.9945 55.637
405 nm 70.58 0.08 48.093 46.207
57.89 0.12 41.492 39.606
77.21 0.04 35.96004 35.4492
532 nm 62.2 0.08 28.638 28.3284
52.2 0.12 22.78656 21.9816
69.5 0.04 38.1915 34.891
405 nm 58.69 0.08 29.233 27.0641
38.9 0.12 20.746 15.5595
73.8 0.04 27.5544 25.542
532 nm 60.7 0.08 19.1952 18.8856
53.2 0.12 17.22924 16.1
74.5 0.04 77.326 76.383
405 nm 73.5 0.08 70.725 68.839
69.1 0.12 62.238 61.295
87.9 0.04 36.5328 35.4492
532 nm 67.2 0.08 30.4956 30.0312
58.3 0.12 26.4708 25.3872

From the Fig. (4.45) and the data in Table (4.19) for (Cul and Cu2), the result

show that the limiting power (P,) and threshold power (P) are decreased with

increasing the concentrations and they decrease with increase of wavelengths and

particle size. For Cu NWs D50, the values of (P;) and (P;;) are higher than those

for (Cul and Cu2) which may be due to the shape effect and they decrease with

increase of wavelength. The transmittance values for (Cul, Cu2 and Cu NWs)

seemed constant with increasing of the wavelengths
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4.5.4 Optical Limiting of Fe:O3; Nano fragments
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Fig. (4.46): Threshold and limiting power at three different concentrations by two

wavelengths, a: (405 nm), b: (532 nm), for suspension of Fe203 Nano fragments

Table (4.20): Threshold and limiting power for suspension of three sizes of Fe203 Nano

fragments at three different concentrations by two wavelengths

Wavelength | Transmittance | Concentration | p . (mW) | P, (mW)
(nm) % (mg/ml)
771 0.04 64.124 63.181
405 nm 65.2 0.08 45.264 43.378
62.8 0.12 43.378 40.549
94.6 0.04 - -
532 nm 93.4 0.08 - -
90 0.12 - -

From the Fig. (4.46) and the data in Table (4.20) for (Fe,O3; Nano fragments),
the result shown observed the limiting power (P;) and threshold power (P;;,) are
decreased with increasing the concentrations at the wavelength (405 nm) and there
was no optical limiting at the wavelength (532 nm), because of the high values of
transmittance at this wavelengths. This means that the values of the absorbed
intensity are not sufficient to cause the thermal change that leads to the occurrence

of optical limitation.
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4.5.5 Optical Limiting for Mixtures

4.5.5.1 Optical Limiting for Cu2+Ag NWs D200

Results, Discussion and Conclusion

From the Fig. (4.47 a and b), we can see a new behavior for this mixture at

wavelengths (405 nm) and (532 nm) to be a two-stage optical limiter or it can be

used as a two-stage optical switch. The values of (P,) and (P;,) for the mixture

appeared with completely different values as they were more than the values of the

materials that made it up.
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Fig. (4.47): Threshold and limiting power by two wavelengths, a: (405 nm), b: (532 nm), for

suspension of mixture (Cu2 + Ag NWs D200)
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Table (4.21): Threshold and limiting power for suspension of mixture (Cu2 + Ag NWs

D200) by two wavelengths

Transmittance

Concentration

From the Fig. (4.47) and the data in Table (4.21) for the mixture (Cu2 + Ag
NWs D200) prepared by ultrasonic mixing, the result shown observed the limiting
power (P;) and threshold power (P;;) are decreased with increasing of wavelength.

The transmittance values of the mixture became higher than those of the materials

before mixing and increased with increasing wavelength.

4.5.5.2 Optical Limiting for Ag NPs + Cu NWs D50

From the Fig. (4.48 a), we can see a new behavior for this mixture at
wavelength (405 nm) to be a two-stage optical limiter or it can be used as a two-
stage optical switch. For wavelength (532 nm), this behavior is not as pronounced
as at wavelength (405 nm) as it is present as in Fig. (4.48 b). The values of (P;) and

(Pyy,) for the mixture appeared with values completely different from the values of

the materials that made it up.
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Material e o P, (mW) P, (mW)
nm Yo mg/ml
37.53 & 38.663 &
Mixture 405 nm 93 & 70 0.12 66.01 67.896
16.1 & 16.254 &
532 nm 73.6 & 65.6 0.12 28.328 30.65
Cu2 405 nm 38.9 0.12 20.746 15.559
532 nm 53.2 0.12 17.229 16.1
Ag NWs 405 nm 57.97 0.12 46.207 44.321
D200 532 nm 42.6 0.12 14.396 14.246
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Fig. (4.48): Threshold and limiting power by two wavelengths, a: (405 nm), b: (532 nm), for
suspension of mixture (Ag NPs + Cu NWs D50)

Table (4.22): Threshold and limiting power for suspension of mixture (Ag NPs + Cu NWs

D50) by two wavelengths
Material Wavelength | Transmittance | Concentration P, (mW) P, (mW)
nm % mg/ml
21.69 &
Mixture 405 nm 50 & 48.6 0.12 47.3386 21.69 & 46.207
532 nm 40.7 0.12 8.82 & 13.53 | 9443 & 13.313
Ao NP 405 nm 43.7 0.12 26.404 23.57
88 [ 532 nm 59.5 0.12 14.5512 15.48
405 nm 69.1 0.12 62.238 61.295
CuNWs 532 nm 58.3 0.12 26.4708 25.3872

From the Fig. (4.48) and the data in Table (4.22) for the mixture (Ag NPs +

Cu NWs D50) prepared by ultrasonic mixing, the result shown observed the limiting

power (P;) and threshold power (P;;) of mixture are decreased with increasing of

wavelength. The transmittance values of the mixture became as average at the

wavelength (405 nm) of the materials before mixing and decreased with increasing
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wavelength. For the wavelength (532 nm) the transmittance values of the mixture

became less than the value of the materials before mixing.
4.5.5.3 Optical Limiting for Ag NPs + Fe.O3 Nano fragments

From the Fig. (4.49 a) for the ultrasonic method of preparation, we can see a new
behavior for this mixture at wavelength (405 nm) compared to the material it is made
of in Fig. (4.46) and Fig. (4.40). Two regions for (P;) and (P;;), appeared and they
lead to be a two-stage optical limiter or it can be used as a two-stage optical switch.
For the pulse laser method of preparation this behavior not appear. The mixture
seemed to be one substance in its behavior, especially since we have indicated the
formation of a new structure, which is the core-shell. At the wavelength (532 nm),
this behavior is not appeared as at wavelength (405 nm) and the behavior for both
methods similarly. The values of (P;) and (P;;,) appeared for the pulsed laser method
at a wavelength of (405 nm), higher than the first region of the optical limiter curve
using ultrasonic and less than the second region of it. For a wavelength of (532 nm),

the values of the (P) and (Py;) of the laser pulse method are less than the ultrasonic

method.
5
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o 45 Fe203 Nno 2 0"‘”’\ Fe203 Nno
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Fig. (4.49): Threshold and limiting power by two wavelengths, a: (405 nm), b: (532 nm), for

suspension of mixture (Ag NPs + Fe203 Nano fragments) and two methods of preparation
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From the Fig. (4.49) and the data in Table (4.23) for the mixture (Ag NPs +
Fe203 Nano fragments) prepared by two methods of mixing (ultrasonic and pulse
laser), the result shown observed the limiting power (P;,) and threshold power (Pyy,)
are decreased with increasing of wavelength. The transmittance values of the
mixture became different according to the preparation method, as its values were
lower for the ultrasonic preparation method than for the laser pulse method at the
wavelength (405 nm) and opposite of that at the wavelength (532 nm) due to the

change in wavelengths, size and shape.

Table (4.23): Threshold and limiting power for suspension of mixture (Ag NPs + Fe203

Nano fragments) by two wavelengths and two methods of preparation

AL DL Transmittance
(1:3) AgNPs+ | Wavelength P,;, (mW) P, (mW)
Fe203 Nano (nm) %
fragments
Sonication 405 nm 50 & 40 21.689 & 43.378 | 21.689 & 42.435
! 532 nm 54.08 20.124 16.7184
Pulse Laser 405 nm 54.78 37.6257 34.891
532 nm 40.9 11.9196 12.6936

4.5.5.4 Optical Limiting for Cul + Fe:O3 Nano fragments

From the Fig. (4.50 a) for the ultrasonic method of preparation, we can see a
new behavior for this mixture at wavelength (405 nm) compared to the material it is
made of in Fig. (4.46) and Figs. (4.45 a & b). Two regions for (P;) and (Pyy),
appeared and they lead to be a two-stage optical limiter or it can be used as a two-

stage optical switch. For the pulse laser method of preparation this behavior not
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appear. The mixture seemed to be one substance in its behavior, especially since we

have indicated that may be the formation of a new structure, which is the core-shell.

At the wavelength (532 nm), this behavior is not appeared as at wavelength

(405 nm) and the behavior for both methods similarly. The values of (P;,) and (Py)

appeared for the pulsed laser method at a wavelength of (405 nm), higher than the

first region of the optical limiter curve using ultrasonic and less than the second

region of it. For a wavelength of (532 nm), the values of the (P;) and (P;;,) of the

laser pulse method are higher than the ultrasonic method.
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Fig. (4.50): Threshold and limiting power by two wavelengths, a: (405 nm), b: (532 nm), for

suspension of mixture (Cul + Fe203 Nano fragments) and two methods of preparation

Table (4.24): Threshold and limiting power for suspension of mixture (Cul + Fe203 Nano

fragments) by two wavelengths and two methods of preparation

Method of mixing Wavelensth Transmittance
(1:3) Cul + Fe203 | ' 2Veens Py, (mW) P, (mW)
(nm) %
WE
Sonication 405 nm 41.48 & 45 21.68 & 44.46 | 21.68 & 43.37
532 nm 57.6 22.6008 22.44
Pulse Laser 405 nm 56.7 34.2309 30.9304
532 nm 67.18 23.5296 23.065
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From the Fig. (4.50) and the data in Table (4.24) for the mixture (Cul+ Fe203
Nano fragments) prepared by two methods of mixing (ultrasonic and pulse laser),
the result shown observed the limiting power (P;) and threshold power (Py,) are
increased with increasing of wavelength for sonication method and opposite for
pulse laser method. The transmittance values of the mixture were not affected much
by the method of preparation, so the difference between its values was slight, as the
values for the method of preparation with laser pulses were slightly higher than for

the method of ultrasonic preparation.

4.6 Conclusions

1- Approximately all prepared samples show a good optical transmittance, which is
one of the important criterion for chosen material as optical limiting.

2- The nonlinear properties measurements showed that all prepared samples have a
negative n2 due to heat effects, and they also have only Re*®at all wavelengths
used. The results of the nonlinear measurements showed that there was not nonlinear
absorption for all samples at all wavelengths used.

3- The results confirmed that, all prepared samples except the Fe203 Nano
fragments showed a good absorption bandwidth within the visible region of the
electromagnetic spectrum, which gives a good indication that they can work as an
optical limiter within this region.

4- Ultrasound mixing process of Cu2 +Ag NWs D200 and Ag NPs +Cu NWs D50
showed a decrease in absorbance as well as an increase in the bandwidth of the
absorption region than the materials from which they were mixed. All that lead to
improve the optical limiter properties by decreasing the values of Pth and PL and
producing a two-stage optical limiter.

5- Pulsed Laser and Ultrasonic Mixing Processes for Ag NPs+Fe203 Nano
Fragments and Cul+ Fe20O3 Nano fragments leads to increasing the bandwidth of
the linear absorption region of Fe203 Nano fragments, generated a new shape of the
material and different values of the linear absorbance and transmittance of the mix-
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tures compared to the materials from which they were mixed. all these led to
improving the properties of optical limiter.

6- The highest values of the n, and the ReX(®) of Cu2 nanoparticles suspension
in absolute ethanol for the three concentrations used were recorded at the wavelength
of (473 nm) and the intensity of (4.98 Mw/m2) and their values were (1.13795x10
10°1.23016x107"% and 1.32163x107'%) m2/W and (5.32x107, 5.75%107 and 6.18%10-
%) esu respectively.

7- The lowest values of the n2 and the Re*®®) were recorded for the suspension of
Fe203 Nano fragments in absolute ethanol with a concentration of (0.04 mg/ml) at
a wavelength of (405 nm) and an intensity of (13.5 Mw/m2) and their values were
(1.94x107'2 m2/W) and (9.12x107 esu) respectively.

8- The results of OL measurements showed a decrease in Py and Pp values with
increasing concentration for all samples.

9- All samples showed optical limiting at wavelength (405 nm).

10- At the wavelength of (532 nm), the suspensions of Au NPs did not show the
behavior of optical limiting in all sizes at the concentrations (0.04 and 0.08) mg/ml.
This means that these concentrations are critical concentrations of the optical limiter.
The behavior of the optical limiter of the Fe,O3; Nano fragments did not appear for
the same wavelength and for all concentrations, but for all other samples the
behavior of the optical limiting is clear at this wavelength.

11- The results of the OL measurements for the prepared suspensions mixtures
which were mixed by the ultrasonic method showed a dual behavior of the optical
limiter at the wavelength (405 nm), as two visible regions of the optical limiter
appeared, making it a candidate to work as a two-stage optical switch. At the
wavelength 532 nm, the behavior of the optical limiter was not clear for two regions
of work, but seemed as one region. For the prepared suspensions of the mixtures that
were mixed by the pulsed laser method showed a clear behavior of the OL at the two
wavelengths used in one region of work.
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4.7 Suggestion for future work

1- Expanding the circle of study of the effect of the shape of nanoparticles on the
properties of the optical limiting using multiple different shapes of the same

nanomaterial.

2- Study the effect of diameter on the optical limiter for nanowires and rods for the

materials that used in this study and compering between them.

3- Preparing more mixtures from these used materials in this study and studying their
morphological, structural and optical properties, and studying the effect of mixing

ratios and methods of mixing on the properties of the optical limiter.

4- Study the effect of the host using different types of hosts and study their effect on
the properties of the optical limiter of the same materials that were used in this
study. Orientation towards making the host from a solid material using different
types of polymers or glass and studying the effect of the type of polymer or glass
and the thickness of the prepared films or foils on the properties of the optical

limiter of the same materials that were used in this study.
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Appendix

I'a (mm) 1
Wa (mm) at (405, 473 & 532) nm 5
Wa (mm) at (650) nm 13
L (mm) 10
f (cm) 8.5
S 0.076883654
A (nm) w3 (m?)
405 8.9x101°
473 13.9x1010
532 18.7x1010
650 6.17x10°1°
Ag NPs
A(mm) | I, (MW/m?) C"‘(‘;f;‘/:ﬁ)t“’“ Loy (m) AT A
0.04 0.000981057 | 2.022727273 | 0.166613667
405 13.48980506 0.08 0.0009757 | 2.695473251 | 0.214518667
0.12 0.000968449 | 3.476635514 | 0.279919
0.04 0.00098015 | 2.125307125 | 0.174700667
473 | 4.982735847 0.08 0.000975062 | 2.200902935 |  0.220245
0.12 0.000967726 | 3.151898734 | 0.286477667
0.04 0.000982078 | 1.655976676 | 0.157524
532 | 5.792389222 0.08 0.00097799 | 2.430976431 | 0.194003333
0.12 0.00097156 | 2.52407932 | 0.251778667
0.04 0.000987953 | 0.625570776 | 0.105472667
650 13.5175822 0.08 0.000985002 | 1.046683047 | 0.131565
0.12 0.000980479 | 1.166666667 | 0.171766667
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Ag NW D50

A@mm) | To (MW/m?) C"‘(‘;f;‘/tﬁ)t“’“ Loy (m) AT A
0.04 0.000970887 | 0.611336032 | 0.257853333
405 | 14.83878556 0.08 0.00095869 | 0.898305085 | 0.368983333
0.12 0.000935239 | 0.955017301 |  0.58808
0.04 0.000972396 | 0.348571429 |  0.24424
473 | 9.031208724 0.08 0.000959978 | 0.696428571 | 0.357156667
0.12 0.000939328 | 1.696035242 |  0.54935
0.04 0.000974112 | 0.323333333 | _ 0.22879
532 | 8.214661079 0.08 0.000962821 | 0.56741573 0.33113
0.12 0.000943319 | 0.664031621 |  0.51176
0.04 0.000978408 | 0.238410596 |  0.19026
650 | 13.32167522 0.08 0.000968589 0.375 0.278653333
0.12 0.000952967 | 0.622377622 |  0.42178
Ag NW D100
A (um) | T, (MW/m2) C"’;ﬁ;ﬁ;“’“ Lo (m) AT A
0.04 0.000985896 | 1.73245614 | 0.123645
405 | 14.83878556 0.08 0.000974654 | 2.507614213 | 0.223910111
0.12 0.000967232 | 2.845679012 | 0.290962111
0.04 0.000989568 | 1.965299685 | 0.091234778
473 | 9.031208724 0.08 0.000981389 | 2.151202749 | 0.163659333
0.12 0.00097624 2.28 0.209678
0.04 0.000992584 | 1.196428571 | 0.064725333
532 | 8.214661079 0.08 0.000986723 | 1.591304348 | 0.116329556
0.12 0.000983326 | 1.933333333 | 0.146434556
0.04 0.000994822 | 0.596059113 | 0.045121222
650 | 13.32167522 0.08 0.000990437 | 0.830769231 | 0.083584111
0.12 0.000988331 | 0.942105263 | 0.102137556
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Ag NW D200

A (um) | To (MW/m2) C"‘(‘frfg/:l“;)t“’“ Legr (m) AT A
0.04 0.000993716 | 1.397129187 | 0.054799889
405 14.83878556 0.08 0.000989783 1.59798995 0.089334889
0.12 0.000981898 | 2.548022599 | 0.159129444
0.04 0.000994089 1.205278592 0.051533
473 9.031208724 0.08 0.00099047 1.501992032 | 0.083295111
0.12 0.000983014 1.756272401 | 0.149209333
0.04 0.00099457 0.963768116 | 0.047325889
532 8.214661079 0.08 0.00099131 0.976377953 | 0.075908667
0.12 0.000984498 | 1.207407407 | 0.136038222
0.04 0.000995146 | 0.308411215 | 0.042286778
650 13.32167522 0.08 0.00099225 0.355769231 | 0.067649333
0.12 0.000986043 | 0.735751295 | 0.122352444
Aul
A(m) | To (MW/m?) Concentration Loy (m) AT A
(mg/ml)
0.04 0.000996187 | 1.110576923 0.033194
405 14.83878556 0.08 0.000994039 | 2.243243243 0.051977
0.12 0.000991081 | 2.626984127 | 0.077916667
0.04 0.000996364 | 0.245454545 0.031649
473 2.076139936 0.08 0.000993995 | 0.362934363 | 0.052359667
0.12 0.000990761 | 0.722807018 | 0.080733667
0.04 0.000996159 | 0.241791045 | 0.033438667
532 5.792389222 0.08 0.000993375 | 0.356707317 0.057793
0.12 0.000989809 | 1.163043478 0.08911
0.04 0.000996849 0.21875 0.027421667
650 13.5175822 0.08 0.000994655 | 0.382653061 | 0.046585333
0.12 0.000992487 | 0.869109948 | 0.065571333
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Au2

A(mm) | To (MW/m?) C"‘(‘;f;‘/tlfﬁ)t“’“ Legr (m) AT A
0.04 0.000992141 | 2286384977 | 0.068605667
405 | 14.83878556 0.08 0.000988606 | 2.728723404 | 0.099706667
0.12 0.000986665 | 3.854054054 | 0.116847667
0.04 0.000991853 | 0.525581395 | 0.071134667
473 | 2076139936 0.08 0.000988245 | 0.776061776 | 0.102896
0.12 0.000986411 1.125 0.119096
0.04 0.000991781 | 0.603932584 |  0.071772
532 | 5792389222 0.08 0.000988102 | 0.715846995 | 0.104157667
0.12 0.000986174 | 1.021220159 | 0.121191667
0.04 0.000992425 | 0.434554974 | 0.066120333
650 | 13.5175822 0.08 0.000989095 | 0.594594595 |  0.095396
0.12 0.000986921 1.03 0.114584
Au3
A (um) | Lo (MW/m?) C"‘(‘;f;‘/:ﬁ)t“’“ Loy (m) AT A
0.04 0.0009944 2.1 0.048811667
405 | 14.83878556 0.08 0.000990634 | 3.051282 0.081852
0.12 0.000987357 | 3.395973 0.110735
0.04 0.000994007 | 0.533936652 | 0.052255667
473 | 228375393 0.08 0.000989984 | 0.565420561 | 0.087569333
0.12 0.000986557 | 0.589108911 | 0.117805333
0.04 0.000993439 | 0.465053763 | 0.057227667
532 | 5792389222 0.08 0.000988801 | 0.563186813 |  0.097992
0.12 0.000985237 | 0.617728532 | 0.129483667
0.04 0.000994112 | 0.215962441 | 0.051330667
650 | 13.5175822 0.08 0.000989735 | 0.465686275 | 0.089756
0.12 0.000986994 | 2.482758621 | 0.113936667
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Cul

A@mm) | To (MW/m?) C"‘(‘;f;‘/tﬁ)t“’“ Loy (m) AT A
0.04 0.000994743 | 1.15018315 | 0.045813333
405 | 13.48980506 0.08 0.000991253 | 1.279761905 | 0.076410333
0.12 0.000985606 2.305 0.126220333
0.04 0.000994618 | 0.681528662 |  0.04691
473 | 4.982735847 0.08 0.000991073 | 1.094202899 | 0.077988667
0.12 0.000985165 | 1.429752066 | 0.130124
0.04 0.000994668 | 0.943894389 |  0.046473
532 | 5.792380222 0.08 0.000990998 | 0.964516129 |  0.078645
0.12 0.00098512 | 1.009677419 | 0.130524667
0.04 0.000994903 | 0.567335244 |  0.044411
650 | 13.5175822 0.08 0.000991411 0.67 0.075021
0.12 0.000985822 | 1.265306122 | 0.124307333
Cu2
A(mm) | To (MW/m?) C"‘(‘frf;‘/:l?)“"“ Loy (m) AT A
0.04 0.000976295 | 2.36119403 | 0.209182667
405 | 13.48980506 0.08 0.000964806 | 2.404458599 |  0.313022
0.12 0.000958286 | 2.75399361 | 0.372695667
0.04 0.000975999 | 2.971698113 | 0.211836
473 | 4.982735847 0.08 0.000964733 3.2 0.313692
0.12 0.000957911 | 3.429752066 | 0.376141
0.04 0.000976073 | 1.74015748 | 0.211173
532 | 5.792389222 0.08 0.000965016 | 1.855345912 | 0.311108333
0.12 0.000957958 | 2.012738854 | 0.375711333
0.04 0.000972473 | 2.667597765 | 0.243544333
650 | 13.5175822 0.08 0.000958968 | 2.789634146 | 0.366430667
0.12 0.000952213 | 3.319078947 | 0.428768333
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Cu NW D50

Concentration

A(mm) | I, (MW/m?) (mg/ml) Lgr (m) AT A
0.04 0.000989406 2.2 0.092661
405 14.83878556 0.08 0.000986471 2.6 0.118561667
0.12 0.000981308 2.679245283 0.164385667
0.04 0.000989442 1 0.092344
473 4.982735847 0.08 0.000986763 1.168224299 0.115978333
0.12 0.000980927 1.614173228 0.167776667
0.04 0.0009894 0.850574713 0.092712667
532 6.845550899 0.08 0.00098692 1.126086957 0.114594
0.12 0.000980898 1.791519435 0.168036333
0.04 0.000988546 0.683333333 0.100234667
650 13.5175822 0.08 0.000985974 0.722222222 0.122957667
0.12 0.000979137 1.69 0.183748333
Fe;03; Nano fragments
A (um) | Lo (MW/m?) C"‘(‘;f;‘/:ﬁ)t“’“ Loy (m) AT A
0.04 0.000989187 2.044534413 0.094587333
405 14.83878556 0.08 0.000980033 3.991735537 0.175751333
0.12 0.000975582 4.610169492 0.215577667
0.04 0.000995645 0.555555556 0.037930333
473 6.228419809 0.08 0.000993493 0.880952381 0.056752333
0.12 0.000990032 1.342857143 0.087147333
0.04 0.000997569 0.451388889 0.021146333
532 6.845550899 0.08 0.000997569 0.599250936 0.021146333
0.12 0.000994239 0.717391304 0.050225667
0.04 0.00099887 0.102803738 0.009816667
650 13.5175822 0.08 0.000998883 0.114678899 0.009706667
0.12 0.000997077 0.160839161 0.025434333
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Cu2 + Ag NW D200 (1:1)

A (nm) | I, (MW/m?) L. (m) AT A
405 13.48980506 0.000992577 2.905940594 | 0.064783111
473 2.28375393 0.000992637 0.877659574 0.064260556
532 5.792389222 0.000992939 1.405263158 0.061610333
650 13.5175822 0.000997588 1.534412955 0.062936667

Ag NPs + Cu NW D50 (1:1)

A (nm) | I, (MW/m?) Lg (m) AT A
405 13.48980506 0.000982172 2.160337553 0.156693667
473 4.982735847 0.000984452 1.698630137 0.136439333
532 5.792389222 0.000988739 1.343971631 0.098536
650 13.5175822 0.000990911 1.077625571 0.079412333
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Ag NPs + Fe203 Nano fragments (1:3) with sonication

A@mm)]| I, (MW/m?) Legy (m) AT A
405 | 14.83878556 | 0.000972999 | 2.867256637 | 0.238805333
473 | 4.982735847 | 0.000985445 | 1.827586207 | 0.127644667
532 | 5.792389222 | 0.000992235 | 1.455445545 0.067787
650 | 13.5175822 | 0.00099683 | 0.467889908 | 0.027585667

Ag NPs + Fe203 Nano fragments (1:3) with pulses laser

A@mm)]| I, (MW/m?) Legy (m) AT A
405 | 14.83878556 | 0.000971725 | 3.895833333 | 0.250292667
473 | 4.982735847 | 0.000980903 | 2.06185567 0.167993
532 | 5.792389222 | 0.000987641 | 1.90212766 | 0.108226667
650 | 13.5175822 | 0.000993967 | 0.562091503 0.0526
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Cul + Fe203 Nano fragments (1:3) with sonication

A (mm) | I, (MW/m?) Loy (m) AT A
405 14.83878556 0.000964576 | 2.948275862 0.315121
473 4.982735847 | 0.000974203 | 2.135135135 | 0.227966333
532 5.792389222 0.000978676 1.685618729 0.187863
650 13.5175822 0.000982335 1.2 0.155245333
Cul + Fe203 Nano fragments (1:3) with pulses laser
A (nm) | I, (MW/m?) Lg (m) AT A
405 14.83878556 0.000964576 | 4.044444444 | 0.325325333
473 4.982735847 | 0.000975094 | 2.742268041 | 0.219957333
532 5.792389222 0.000980803 1.817708333 0.16888
650 13.5175822 0.000984377 1.348484848 0.137109667
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